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The knee joint is the largest, most complex synovial joint in the human body. Its exposed 
nature makes it highly susceptible to trauma, whilst its deterioration through degenerative 
joint disease is a common form of human disability. The menisci consist of two disc-shaped 
structures of fibrocartilage, interposed between the femoral condyles and tibial plateau and 
serve several important biomechanical functions within the healthy knee. These functions 
include transmission of forces, load bearing and distribution, shock absorption and joint 
stability. The ability of the menisci to perform these functions is based upon their intrinsic 
material properties and anatomical position. Considerable evidence indicates that damage to, 
or removal of, the menisci can have detrimental effects upon primary knee joint function and 
cause degeneration by predisposing the knee to the effects of osteoarticular disease. To 
understand fully how the menisci function, their intrinsic material properties and essential 
features of their behavioural response to loading conditions and how these properties vary 
throughout the tissue must be precisely defined. This provides the ability to understand the 
normal function of the knee meniscus, quantify pathologies, detect injurious mechanisms and 
evaluate the effects of injury and repair. 
Load-deformation studies, obtained through precisely prepared material samples and 
standardised loading conditions were used to obtain the relationship between stress and 
strain of the meniscus when subject to uniaxial compressive, tensile and shear loading in 
different orthogonal planes and regions. The fundamental understanding of the relationships 
between the structural organisation and biomechanical properties of fresh, human meniscal 
tissue has been reported. Failure mechanisms within the highly anisotropic and 
inhomogeneous material are presented. Material coefficients and mathematical equations 
modelling stress-strain response are defined and the effects of pathology, location and age 
effects have been determined. 
This primary information provides us with a better understanding of the functional behaviour 
of the meniscus under physiological loading conditions and an insight into possible failure 
mechanisms. The precise materials and mechanical property data presented will enable 
accurate computer simulations to be constructed and provide a reference by which future 
developments in the fields of meniscal repair and tissue engineering can be realistically 
assessed for performance in vivo. 
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1.0 Introduction 
1.0 Introduction 
The knee joint is the largest, most structurally complex and the most vulnerable articulation 
in the human body. It connects the longest bones of the lower limb, transfers body weight 
through the leg and allows for large movements during walking and running. The knee is 
extremely exposed, both in terms of its viewing and protection. It is an intricate, hinge-like 
joint that is subject to constant pounding, bending and twisting during everyday activities, as 
well as the impact of falls and the effects of osteoarticular disease. At times it is subjected to 
extremely high loads of greater than ten times body weight. Its mechanical stability is a 
delicate equilibrium between muscles, ligaments and surface geometry. Knee injuries can 
lead to significant functional limitations and disability. According to the American Academy 
of Orthopaedic Surgeons, more than 4.1 m people in the US seek medical care each year for a 
knee problem. In the UK alone, over 29,000 knee operations are carried out each year, at a 
cost of more than £130 million. Some knee problems result from wear on parts of the knee, 
such as occurs in osteoarthritis (OA). Other problems result from injury, such as a blow to 
the knee or sudden movements that strain it beyond its normal range of movement. Injuries 
to the knee make up the largest percentage of injuries sustained through sport. Dislocation 
and fracture of the joint does occur, but rarely; the more common injury is that of cartilage 
damage. 
The menisci consist of two disc-shaped structures of fibrocartilage, interposed between the 
femoral condyles and tibial plateau and are vastly important with respect to normal knee 
function. Some 75% of surgical procedures performed on the knee arise as a direct result of 
injury or tearing of the menisci. Menisci may become damaged through tearing in one of two 
ways. A meniscus may become torn through injury or trauma, usually occurring as the result 
of a twist when the knee joint is subject to compressive load. Thus, the knee joint meniscus 
is especially susceptible to injury in cutting and impact sports and those involving sharp 
jerks or twisting of the knee, such as football, rugby, basketball and skiing. However, this 
type of injurious mechanism can arise under a variety of circumstances in everyday life. 
Degenerative tears may also develop in the menisci, with or without injury, as a result of 
ageing. With advancing age, the cartilage loses flexibility and elasticity, becoming 
predisposed to cracks and tears. 
For many years, it was thought that the menisci had no function. Accordingly, painful tears 
were treated by open meniscectomy (complete removal). This was believed to be a relatively 
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benign procedure, as it was undertood that the menisci regenerated following removal. 
However, in 1948 Fairbank noted that X-rays in a large percentage of patients who had 
meniscectomies, showed progressive flattening of the femur, narrowing of the joint space, 
and formation of bone spurs - some of the cardinal signs of osteoarthritis, now known as 
Fairbanks' changes. At this time Fairbank also proposed that the menisci performed a weight 
bearing function. Until the 1970s the accepted treatment for meniscal injury or lesions, even 
suspected tears, continued to be complete removal. Advancement of arthroscopic techniques 
at this time meant that the menisci could be visualised and it was shown that they did not 
regenerate and had the important function of protecting the articular cartilage from 
premature degeneration. As more investigations into the role of the menisci were performed, 
it became evident that the menisci were an important part of the normal function of the knee. 
Growing knowledge over the past 25 years of the biomechanics of human joints has 
elucidated the structure and function of the knee joint menisci and both clinical and 
experimental studies have demonstrated its importance within the healthy knee joint. 
Currently the menisci are believed to perform multiple biomechanical functions, including 
load transmission at the tibiofemoral joint, shock absorption, stability (as a secondary 
restraint to anterior translation - especially after ACL failure) and joint lubrication. The 
geometry of the menisci increases congruity of joint surfaces by increasing the contact area 
of the femoral condyles, thereby decreasing the force per unit area. A growing body of 
evidence suggests that meniscectomy predisposes the affected joint to osteoarthritis and 
evidence has emerged of a relationship between osteoarthritis and meniscal lesions [Fithian 
eta!, 1990; Moskowitz eta!, 1973; Rangger eta!, 1997]. This prompted effort from surgeons 
to retain as much intact meniscal tissue as possible, through partial meniscectorny, which 
became the treatment of choice to minimise loss of this important anatomical structure. Once 
proof was obtained that the menisci had a significant blood supply, at least to its outer third, 
then surgeons began to develop techniques for repair of the meniscus, whilst protecting the 
vulnerable structures at the posterior of the knee from damage. Nowadays, surgeons aim to 
repair damaged menisci (through suture or staple repair), provided there is sufficient intact 
material to enable this and assuming the tear is within a vascular area (or one that can be 
vascularised through channels). Only if this proves impractical or impossible will a surgeon 
resort to partial or total meniscectomy. 
A relatively large amount of research has been performed to investigate the mechanical 
properties of human knee joint articular cartilage; however, little has been performed on the 
meniscus. The menisci are vastly important with respect to normal knee function and this 
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reflects the current level of growing interest in the menisci of the knee. There remains a lack 
of fundamental knowledge of the behaviour of the human knee joint meniscus as an 
engineering material. This is due to a lack of information regarding the mechanical and 
material properties of the fibrocartilage and how they vary throughout the tissue. As a result, 
researchers have previously chosen to use the same material properties determined for 
articular cartilage for the properties of the meniscus, or have performed tests on animal 
and/or fixed human meniscal tissue. Knee joint menisci are found in all mammals and also in 
other types of animals, but their shape and insertional anatomy vary considerably. Many 
ligaments appear missing or additionally and there are differing sizes and lengths of 
insertional attachments in animal menisci compared to human. These differences in 
anatomical characteristics between different animals and man reflect major differences in the 
use of the limb and joint mechanics, limiting and questioning the validity of animal models. 
Both the articular cartilage and the menisci are cartilage of the knee joint, but they posses 
inherent differences in their structural architecture, biochemical composition and mechanical 
and material properties. Consequently, the knee joint meniscus does not behave like knee 
joint articular cartilage. It is not sufficient to use results obtained from testing fixed human 
tissue for comparison to the menisci in situ. Fixed tissues have their properties altered due to 
the effects of formalin on the collagen fibres; in particular, it has a stiffening effect. To 
obtain accurate data and results concerning the mechanical properties and behavioural 
characteristics of the human menisci, experimental tests and data acquisition must be 
performed on tissue that is as near in vivo as possible. 
The menisci exhibit complex material properties. In order to understand fully how they 
function and the processes that govern their mechanical behaviour, one must appreciate their 
intrinsic material properties and how these properties vary throughout the tissue, their gross 
anatomical structure, attachments and loading conditions within the knee [Fithian et al, 
1990]. Only when this information can be accurately determined and a greater insight into 
the structure-function relationships of human menisci is gained, can the essential features of 
the behavioural response of the meniscus to various load conditions be determined. Thus, 
providing the ability to understand and evaluate the effects of injury, specific injurious 
mechanisms and repair on the tissue and to choose the best suited therapy to the pathology at 
hand [Fithian et al, 1990]. Accurate data on the material properties of the human knee joint 
meniscus are necessary to understand its normal function, how it compares with other 
cartilage of the body, to quantify pathologies within its structure and to develop constitutive 
models to represent its material behaviour. It is essential to have a firm understanding of 
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meniscal tissue composition and ultrastructural composition, since they have a profound 
influence on meniscal material properties [Fithian eta!, 1990]. 
Under normal loading conditions the menisci are subject to tensile, compressive and shear 
forces. The highly orientated ultrastructure of the menisci has been stated as the cause of 
reported tissue anisotropy and inhomogeneity in response to stress and strain, and appears to 
dominate its behaviour under all loading conditions. Due to this mechanical anisotropy, 
multiaxial testing methods are of essential importance in determining the three dimensional 
mechanical response of the meniscus to load. Representative elements may be tested to 
obtain mechanical behavioural characteristics and material properties; test samples must be 
large enough to be statistically representative of their vicinity, yet small enough when 
compared to the whole tissue that stress-strain within specimens may be considered 
homogeneous. Obtaining accurate mathematical equations of stress-strain data under 
different loading conditions and in different orthogonal planes allows definition of the 
characteristic behaviour of the meniscus. Development of mathematical models can aid 
understanding of the stress distributions in the loaded joint and situations liable to cause 
structural failure. Mathematical modelling enables researchers to over come the considerable 
ethical and practical difficulties of studying the behaviour of these materials in vivo. With an 
accurate description of the menisci material behaviour, the finite element (FE) method can 
be utilised to create computational models of the meniscus. Such models can be used to 
describe the variation in stresses or material properties of the tissue that occur as a function 
of joint orientation, external joint loading, injury, growth and healing. In order to evaluate 
the effects and effectiveness of meniscal repair, tissue engineered and prosthetic 
replacements and the effects of auto- and allografts, the mechanical properties of normal 
menisci must be defined more precisely. 
The behaviour of fresh, human knee joint menisci will be examined whilst subject to 
unconfined, uniaxial compressive, uniaxial tensile and pure shear loading conditions. Load-
deformation studies obtained through precisely prepared and standardised material samples 
and loading conditions will be used to obtain stress-strain relationships throughout different 
orthogonal planes and regions of the meniscus. The effects of tissue pathology, location and 
age on the mechanical properties of the meniscus will be investigated. Precise data and 
equations that describe accurately the three dimensional behaviour of the meniscus will be 
presented, with relevant statistical analysis and the mechanical properties and behavioural 




I. Determination of the mechanical properties and behavioural characteristics of fresh 
human knee joint menisci when subject to mechanical loading. 
Investigation of the effect of collagen fibril orientation on the anisotropy of the 
meniscus; examination of inhomogeneity of the meniscus with respect to regional 
location. 
Study the variability of the mechanical properties and behavioural characteristics of the 
meniscus with respect to pathology and age of the meniscus. 
Provision of a standard set of data and behaviour characteristics by which future work on 
the meniscus of the knee joint through tissue engineering and materials science can be 
realistically assesed for performance in vivo. 
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Joints (Articulations) 
A joint in the human body is where two or more bones of the skeleton meet one another. 
There are three types of joints in the human body: fibrous, cartilaginous and synovial and 
they are classified as either fixed or moveable. The function of the joint determines its 
structure and character. All joints have a common function which is to hold entities together 
whilst providing limited movement. As the name suggests, fixed joints provide very little or 
no movement, e.g. joints between bones in the skull. Other joints provide a wide range of 
movements, are termed diarthrodial or moveable and are more complex structures than fixed 
joints. 
Natural synovial joints are complex and delicate structures capable of functioning under 
critical conditions. Their performance is due to the optimised combination of articular 
cartilage, a load-bearing connective tissue covering the bones involved in the joint, which is 
smooth and wear resistant, and a synovial fluid, a nutrient secreted within the joint area, 
which aids in lubrication [Dowson, 1992, Mow and Soslowsky, 1991]. 
The human knee joint is an example of a diarthrodial joint. All diarthrodial joints have 
characteristic features: 
I. joint is formed at the junction between two or more bones; 
ends of the bones are covered with articular cartilage; 
synovial membrane lines the whole of the interior of the joint; 
joint cavity exists; and 
ligaments hold the bones together. 
Cartilage 
Cartilage consists of cells (chondrocytes) embedded in a surrounding matrix. The cells of the 
cartilage reside in spaces termed lacunae, which exist, within the matrix. The matrix, which 
is an amorphous ground substance, surrounds a meshwork of collagen fibres that vary in 
their density, deposition and direction in different areas. The ground substance is a gel, 
which contains some lipid, a high proportion of mucoproteins, acid and neutral 
mucopolysaccharides. It is the molecular architecture of these mucopolysaccharides, which 
has often been used to explain the compression resisting capacity of cartilage, while its high 
tensile strength has been attributed to the properties of the collagen fibres. 
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Human Knee Joint 
Gross Anatomy 
The human knee joint is the largest and most complex synovial joint in the body. It is a 
combination of three articulations, one between the femur and patella and two between the 
femoral condyles and tibial plateau. It is located between two of the longest lever arms of the 
body and bears the majority of body weight. This relationship makes the knee vulnerable to 
overuse injury. Its exposed nature makes it highly susceptible to trauma and it is more likely 
to be injured than any other joint in the body. 
The knee is essentially made up of four bones. The femur (thigh bone) attaches by ligaments 
and a capsule to the tibia (shin bone). The fibula runs just below and parallel to the tibia. The 
patella (knee cap) rides on the knee joint as the knee bends. The joint is formed between the 
lower end of the femur and the upper end of the tibia. There is no fixed point of contact 
between the ends of the bones. The lower end of the femur consists of two spherical 
structures called condyles, which are convex from side to side, but greatly accentuated to the 
rear of the joint, whilst the upper end of the tibia is slightly hollowed out centrally and 
flattens towards the periphery of the joint. 
The ends of the bones are covered with a thick cushion of hard, white cartilage called 
articular cartilage (AC). If this is damaged or worn away, the underlying bones rub together, 
producing the pain and inflammation typical of arthritis. 
ANTERIOR POSTERIOR 
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Figure 3.1 View from the front of the right human knee joint with patella removed. [The Center 
for Orthopaedics & Sports Medicine, MARIETTA, GA., 30068, USA; http://www.arthroscopy.comi  
There are two main ligaments which 'hold' the knee together by forming a direct bond 
between the femur and the tibia in the centre of the knee joint. These are the anterior (ACL) 
and posterior (PCL) cruciate ligaments. The ACL and PCL are the major stabilising 
structures of the knee joint and extremely strong in tension. In a normal knee, the cruciate 
ligaments are inelastic and maintain a constant length as the knee flexes and extends, helping 
to control rolling and gliding of the joint surfaces. The anterior cruciate ligament (ACL) and 
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posterior cruciate ligament (PCL) help maintain normal arthrokinematics of the knee through 
the four bar linkage system described by Muller, 1983. The four bars in the linkage system 
include (1) ACL, (2) PCL, (3) a line connecting the femoral insertions of ACL and PCL, and 
(4) a line connecting the tibial insertions of the ACL and PCL. In the lateral view, Figure 3.2, 
the posterior cruciate ligament prevents the femur from sliding forward on the tibia (or the 
tibia from sliding backwards on the femur). In the medial view, Figure 3.2, the anterior 
cruciate ligament prevents the femur from sliding backwards on the tibia or the tibia sliding 
forwards on the femur. Importantly, these ligaments stabilise the knee in a rotational fashion. 
Injury to the cruciate ligaments disrupts the four bar linkage system and results in abnormal 
translation of the tibiofemoral joint during flexion and extension of the knee and joint 
instability. This aberrant motion may damage the menisci and articular cartilage, leading to 








L,ILG:U E V MEULOL VIEW 
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Figure 3.2 Lateral and medial view of the right human knee joint, showing the function of the 
cruciate ligaments. IThe Center for Orthopaedics & Sports Medicine, MARIETTA, GA., 30068, USA; 
http://www.arthroseopy.coml  
The knee muscles across the knee joint are the quadriceps and the hamstrings. The quadricep 
tendon ties four muscles in the thigh to the patella, which is tied to the lower leg by another 
tendon. The quadriceps in front and hamstrings at the rear provide stability and strength 
when the knee is in motion. 
Kinetics 
Although the knee joint may look like a simple joint, it is one of the most complex. It is 
usually described (often in a mechanical sense) as a modified hinge joint with two degrees of 
freedom: flexion-extension and axial rotation. However, it operates in a more complex and 
subtle way. When the knee moves, it does not just bend (flex) or straighten (extend), but it 
also has a slight rotational component in its motion. During flexion and extension of the 
tibiofemoral joint there is a combined roll, glide and spin of the articulating surfaces to help 
maintain joint congruency [Kapandi, 1985]. These arthrokinematics are a result of the 
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geometry of these joints and the tension produced in the ligamentous structures. During 
closed chain extension of the tibiofemoral joint, the femoral condyles roll anteriorly and 
glide posteriorly on the tibial plateau. There is also a conjunct medial rotation of the femur 
during the last 30° of extension, the 'screw home' mechanism of the knee. In open chain 
extension, the tibial plateaus roll and glide anteriorly on the femoral condyles. In the last 30° 
this produces a conjunct lateral rotation of the tibia. During closed chain flexion of the knee, 
the femoral condyles roll posteriorly and glide anteriorly on the tibial plateaus with a 
conjunct lateral rotation of the femur at the beginning of flexion, initiated by the popliteus 
muscle. In open chain flexion the tibial plateaus roll and glide posteriorly on the femoral 
condyles with a conjunct internal rotation during the initial 30°. 
The amount of knee flexion varies from 120° to 160° depending upon the position of the hip. 
The amount of axial rotation is dependent upon the position of the knee. In full extension, 
the knee is in the close packed position and minimal to no rotation is possible, Figure 3.3. At 
90° of knee flexion the tibia can laterally rotate up to 40° and medially rotate up to 30°. 
More recently, the tibiofemoral joint has been described as having six degrees of freedom; 
flexion and extension with mediolateral translation around a mediolateral axis, varus-valgus 
angulation with anteroposterior translation around an anteroposterior axis, and internal and 
external rotation with superoinferior translation around a superoinferior axis, Figure 3.4 
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Figure 3.3 View from the front of the right knee with the knee joint in extension and flexion. 
IThe Center for Orthopaedics & Sports Medicine, MARIETTA, GA., 30068, USA; 
http://www.arthroscopy.comi  
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Figure 3.4 Schematic diagram illustrating the six degrees of motion of the human knee joint. 
Knee function is dependent on a number of anatomical features of the knee: 
Its unconforming articular surface geometry provides the knee joint with a large range of 
motion of up to 160° flexion. 
Cruciate ligaments are responsible for the translation of the instant centre of rotation, 
about which the bones move relative to each other. This results in the point of contact 
between the femur and tibia moving posteriorly during flexion and anteriorly during 
extension. 
The incongruity of the knee joint, i.e. rounded surface of femoral condyles and flat shape of 
tibia, would be a problem were it not for the presence of the meniscus. The meniscus 
improves contact areas in the knee joint and transmission of load through the joint. Studies 
of the effects of meniscectomy indicate that removal of all or part of the meniscus results in 
the degeneration of the articular cartilage. This degeneration is osteoarthritic in nature. It is 
likely that the knee joint menisci are an important, integral element of this joint. 
The Meniscus 
The menisci consist of two disc-shaped structures of fibrocartilage, interposed between the 
femoral condyles and tibial plateau and are vastly important with respect to normal knee 
function. The menisci were once regarded as useless, vestigial organs - a needless remnant of 
tissue in the knee joint - and the torn meniscus was frequently removed through surgery. 
Over the past few years, following advancements in arthroscopic surgery techniques and 
substantial research in the area, it has become clear that the meniscus performs many 
functions within the normal healthy knee joint. 
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Gross Anatomy 
The meniscus is a fibrocartilage. It is made up of two crescent-shaped (C-shaped) plates that 
are found at the peripheral aspect on both sides of the normal knee joint on the upper surface 
of the tibia, between the femoral condyles and tibial plateaus', Figure 3.5. They have a thick 
convex edge/periphery, which is attached to the tibia at its outer extremity measuring about 
110 mm in length, including attaching ligaments [Kohn and Moreno, 1995]. The meniscus 
tapers away from its thick, convex outer edge towards the centre of the knee joint where it 
has a fine, free convex outer edge, giving a triangular wedge-shape in cross-section. The 
upper surfaces of the menisci are smooth and concave and in contact with the femoral 
condyles. The lower surfaces are smooth and flat (slightly convex) and rest upon the tibia. 
The menisci are triangular in cross-section and measure 5-7mm thick at their outer 
periphery. The menisci do not cover the whole of the joint, with a third of the knee 
uncovered at the centre [Ahmed and Burke, 1983]. 
There are two menisci in each normal knee joint, termed medial and lateral: 
Medial meniscus: Semicircular in outline. Forms the segment of a much larger circle than 
the lateral. It is much broader posteriorly than anteriorly. Peripherally attached to the deep 
fibres of the medial collateral ligament. Approximate ly.3.Scm in length [Warren eta!, 1986] 
and is longer in an anteroposterior direction than the lateral meniscus. 
Lateral meniscus: More circular in shape than the medial, making up four-fifths of a circle 
and has consistent breadth throughout, covering proportionally more of the tibial articular 
surface than does the medial. Not attached to underlying cartilage. Its ends are fixed to the 
tibia very closely together. 
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Figure 3.5 Menisci viewed from above. 
'The word meniscus means little moon' in Greek. 
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The menisci are held in place on the tibia by very short, tough fibrous insertional ligaments 
both anteriorly and posteriorly and through indirect attachments to bone through surrounding 
ligaments and tendons. The anterior and posterior ends of the meniscal body are termed 
horns. The anterior horn of the medial meniscus is attached to the anterior intercondylar 
fossa of the tibia approximately 6-7mm anterior to the anterior cruciate ligament [Johnson et 
a!, 1995, Kohn and Moreno, 1995]. It partially extends anteriorly off the tibial plateau. The 
anterior insertional ligament of the medial meniscus is a flat, fan-shaped structure. The 
anterior horn of the lateral meniscus is attached to the anterior intercondylar fossa of the tibia 
anterior to the intercondylar eminence and posterior to the anterior cruciate ligament. The 
attachment of the lateral meniscus anterior horn often blends with the attachment of the 
anterior cruciate ligament. A variable fibrous band (transverse ligament) connects the two 
anterior horns. When present as a complete band, the transverse ligament connects the mid-
portion of the medial meniscus anterior horn with the most anterior fibres of the lateral 
meniscus anterior horn. 
The posterior horn of the medial meniscus is attached to the posterior intercondylar fossa of 
the tibia posterior to the posterior horn of the lateral meniscus and anterior to the posterior 
cruciate ligament. The posterior horn of the medial meniscus is more firmly attached than 
that of the anterior horn. The posterior horn of the lateral meniscus is attached to the tibia 
posterior to the lateral intercondylar eminence and often blends with the posterior aspect of 
the attachment of the anterior cruciate ligament. In 50 per cent of cases, the anterior fibres of 
the posterior horn of the lateral meniscus insert to the medial femoral condyle anterior to the 
origin of the posterior cruciate ligament forming the anterior meniscofemoral ligament 
(Humphrey Ligament) [Humphrey, 1858, Kohn and Moreno, 1995, Wan and Pelle, 1995]. A 
posterior meniscofemoral ligament (Wrisberg ligament) is found in around 76 per cent of 
cadaveric material. This is formed by the posterior fibres of the posterior horn of the lateral 
meniscus attaching to the medial femoral condyle, posterior to the origin of the PCL and 
anterior to the posterior horn of the medial meniscus [Last, 1948, Kohn and Moreno, 1995, 
Poynton eta!, 1997]. There is also a fibrous band (Barkow's ligament) connecting the 
posterior horn of the lateral meniscus and the anterior horn of the medial meniscus. 
The area taken by the anterior horn of the medial meniscus has been found consistently 
larger (1.3 to 1.7 times) than that of the posterior [Johnson eta!, 1995, Kohn and Moreno, 
1995]. The area of the anterior horn of the meniscus has been found both 1.2 times smaller 
[Kohn and Moreno, 1995] and 1.5 times larger [Johnson et a!, 1995] than the posterior. A 
larger insertional area may reflect a more oblique angle of attachment to bone [Benjamin et 
a!, 1986] or be indicative of a stronger structure attachment. The size of an insertional area 
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without knowledge of the insertional angle and density of collagen cannot provide 
conclusive information regarding the strength of the attached structure. 
The periphery of each meniscus is attached to the femur and tibia by the joint capsule. The 
tibial portion of this attachment is known as the coronary ligament. The peripheral 
attachment of the medial meniscus is continuous. The deep medial collateral ligament is a 
condensation of the joint capsule, which firmly attaches the mid-portion of the medial 
meniscus to the femur and tibia. The semi-membranous muscle indirectly inserts 
posteromedially on the medial meniscus via the capsule and may retract the posterior horn. 
The peripheral attachment of the lateral meniscus is interrupted by the popliteus tendon 
postolaterally. This popliteal hiatus measures approximately 1 .3 cm in length and is bordered 
by superior and inferior meniscal fascicles. Some popliteal fibres insert into the periphery of 
the meniscus and may retract the posterior horn. Unlike the medial meniscus, the lateral 
meniscus does not attach to the (lateral) collateral ligament. 
These attachments are short when compared to the other ligaments and tendons in the knee 
joint, yet can be subjected to great stresses. 
Flexural and extension movements of the knee joint take place above the menisci, with 
rotation taking place below. The menisci are separated under full knee extension, moving 
close together under flexion. The lateral meniscus is more mobile than the medial meniscus 
due to their relative attachments and in particular, the close proximity of its attachments to 
the tibia. The menisci move anteriorly in extension and posteriorly in flexion. This motion is 
produced largely by the rolling/sliding of the femoral condyles, with contributions to 
posterior retraction by the semi-membranous medially and the popliteus laterally. The 
posterior excursion of the lateral meniscus in flexion is greater than that of the medial 
meniscus and the anterior horn segments are more mobile than the posterior horn segments 
bilaterally. 
Micro Anatomy 
The microanatomy of the meniscus is complex and age-dependant. Its shape is attained very 
early in prenatal development and at this point is very cellular and highly vascularised 
throughout. Embryologically, the menisci appear at approximately 45 days and are clearly 
defined with their characteristic shape by the eighth week of development [Arnoczky el a!, 
1991, Clarke and Ogden, 1983]. Postnatal, vascularity decreases from the central area to the 
periphery. Alterations in the collagen fibre arrangement also occur. Following skeletal 
maturity, the peripheral portion, which is equal to 10-30 percent of its total, is highly 
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vascularised and contains dense connective tissue and nerve endings. It attaches the 
meniscus to the joint capsule and provides oxygen and nutrients. An extracellular matrix 
surrounds the cells of the meniscus (fibrochondrocytes) [McDevitt and Webber, 19901. 
Functions 
The menisci serve several important biomechanical functions in the human knee joint. These 
functions have been concluded, following many years of hypotheses, regarding the manner 
in which the menisci influence knee joint mechanics: 
Load bearing, [Shrive et a!, 1978] 
Transmission of forces, [Bullough eta!, 1970, Favenesi eta!, 1982, Fukubayashi and 
Kurosawa, 1980, Kettelkamp and Jacobs, 1972, Maher et al, 1949, Shrive et a!, 1978, 
Walker and Erkman, 1975, Whipple eta!, 1985] 
Load distribution - distribute stress over a broad area of AC [Kettlekamp and Jacobs, 
1972, Walker and Erkman, 1975], 
Shock absorption - due to dynamic loading, [Krause et a!, 1976, Kurosawa et a!, 1980, 
Seedhom and Hargreaves, 1979, Voloshin and Wosk, 1983] 
Assistance of rotational movement, 
Joint stability, - particularly to the injured knee when the cruciate ligaments or other 
primary stabilisers are deficient, [Fukubayashi eta!, 1982, Hsieh and Walker, 1976, 
Levy el a!, 1986, Markolf et a!, 1981, 1976, Oretop et a!, 1979, Shoemaker and Markolf, 
1986, Smillie, 1970, Wang and Walker, 1974] 
Lubrication [MacConaill, 1932], and 
Nutrition of the AC. 
The ability of the menisci to perform these mechanical functions is based upon the intrinsic 
material properties of the menisci, as well as gross anatomic structure (position within the 
knee, shape and shapes of the femoral and tibial condyles) and attachments, and the 
magnitude and direction of the load applied to the knee. 
The menisci act to fill the gaps in the joint between the tibia and the ends of the femur and 
resist excessive movements upon the femur by the tibia. The menisci separate the joint 
between the femoral condyles and tibial plateau into a men iscofemoral and a men iscotibial 
joint. The menisci deepen the proximal tibial articular surface and have concave superior 
surfaces to accept the femoral condyles and flat inferior surfaces that rest on the proximal 
tibia. The contact area in the femorotibial joint thereby increases significantly, reducing the 
stresses on the tibial cartilage [Kettlekamp and Jacobs, 1972, Walker and Erkman, 19751. 
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In an unloaded, in-vivo situation contact between the femoral and tibial condyles occurs 
primarily on the meniscus with the joint surfaces not covered by the menisci separated. 
Under a weight-bearing load, the meniscus maintains the balanced position of the femur on 
the tibia and evenly distributes the compressive forces and load within the knee by 
increasing the pure contact surface between the femur condyles and the tibial plateau. This 
widens the range of the articular resultant force, decreasing the average stress two to three 
times. The surface stress becomes smaller, the load bearing wider, the compliance higher and 
joint stiffness lower with the menisci in place. In doing so, the AC is protected from stress 
concentrations [Lanzer and Komenda, 1990]. The intact meniscus transmits over 50 percent 
of the total load acting on the joint. Approximately 70 percent of lateral compartment load 
and 50 percent of medial compartment load are transmitted through the corresponding 
menisci under in vivo loading, with the remainder transmitted through direct femoral-tibial 
joint surface contact [Ahmed and Burke, 1983, Chen et al, 1996, Fukubayashi and 
Kurosawa, 1980, Kurosawa, 1980]. The percentage of load transmitted by each menisci 
reflects their tibial plateau coverage [Clark and Ogden, 1983]. Without a meniscus, weight 
transmitted by the femur would concentrate on a much-reduced contact area on the tibia, 
under high pressure, with peak stresses on tibial cartilage considerably increased 
[Fukubayashi and Kurosawa, 1980, Kettlekamp and Jacobs, 1972, Kurosawa eta!, 1980, 
Paletta Jr. et al, 1997]. The meniscus allows the femur to rest effectively on nearly the entire 
tibial plateau, distributing the force and preventing excess stress on any single area. 
The menisci are adapted to their functional stressing. Although the primary function of the 
knee may be to bear compressive loads, they must support huge hoop tensile forces directed 
along the circumferential direction in doing so. As the meniscus is compressed, it is 
squeezed radially outwards, due to its wedge-shape, and this movement is resisted by the 
ligamentous attachments generating a hoop strain (circular tension) in the circumferentially 
arranged collagen fibre bundles [Aspden, 1985]. 
The menisci are secondary stabilisers and when intact, interact with the stabilising function 
of the intact and undamaged ligaments. The meniscus also helps the anterior cruciate 
ligament (ACL) to stabilise the knee. The menisci follow the motion of the opposing joint 
surface and at all knee flexion and rotation angles the menisci moves to adapt to the position 
of the femoral condyles and tibial plateau [Brantigan and Voshell, 1941, Kapandji, 1987]. 
Since the menisci are mainly fixed to the tibial plateau and the axis of knee motion is located 
at the level of the femoral epicondyles during extension and flexion, motion is larger in the 
meniscofemoral than the meniscotibial joint. The lateral meniscus displaces approximately 
10mm on the tibial plateau during flexion and extension, which is twice that of the medial 
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[Kapandji, 1987, Thompson eta!, 1991]. Both menisci move forward during extension and 
backward during flexion. The medial menisci moves anteriorly and the lateral posteriorly 
during external rotation of the tibia and vice versa during internal rotation. The body of the 
meniscus prevents the femur from gliding too far off the tibia. The posterior oblique 
ligament on the medial side of the knee tethers the posterior horn of the meniscus to ensure 
that this stabilising wedge is kept in place. In addition, the meniscus functions as a shock 
absorber. 
The functions of the menisci enhance the ability of the AC to provide a smooth, near 
frictionless articulation by interacting with the joint fluid to produce a coefficient that has 
been described as 'five times as slick as ice on ice'. This enhances its ability to distribute 
loads evenly to the underlying bone of the femur and tibia and allows for diffusion of the 
normal joint fluid and its nutrients into the AC [Fithian et a!, 1990]. 
Partial and total meniscectomy following meniscal tears, cause the contact area within the 
joint to decrease and the stresses are unevenly distributed. AC assumes increased share of 
load presented by increased stresses of compression and shear [Lanzer and Komenda, 1990]. 
In theory, a radial transection through the entire meniscus or attaching ligaments will 
completely disable the load-distribution function of the meniscus [Seedhorn and Hargreaves, 
19791. Following partial meniscectomy, the menisci have been shown to transmit significant 
amounts of load in-vitro where the peripheral circumferential fibres and insertional ligaments 
were left intact [Burke et a!, 1978]. A linear relationship between increase in peak stresses 
on the tibial joint surface and the amount of meniscal tissue removed has been demonstrated 
[Burke eta!, 1975]. The frequent bone and joint damage seen following meniscectorny is 
thought to be caused by the decrease in contact area and subsequent increase in peak stresses 
on the tibial plateau [Fairbank, 1948, Fukubayashi and Kurosawa, 1980]. 
Structure and Composition 
Meniscal tissue is soft, hydrated and fibrocartilaginous. The meniscus consists of collagen 
and is configured to be springy and resist shearing. The meniscal material may be envisaged 
as a composite  in nature, composed mainly of collagen fibres embedded in a hydrophilic 
matrix or gel [Tissakht and Ahmed, 1995]. Its mechanical and material properties are 
determined by its biochemical composition and by the organisation and interactions of the 
major tissue constituents, which are water, collagen and proteoglycan. The interactions 
between these important constituents of the fibrocartilage matrix cause the load 
2  Biological composites are materials, which try to imitate nature by the incorporation of strong fibres 
in a softer plastic matrix. 
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deformational behaviour of meniscal tissue to be a fibre-reinforced, porous, permeable, 
composite material. 
The meniscus is highly fibrous, has a slightly greater concentration of collagen and a greater 
mass than in articular cartilage [Fithian et a!, 1990]. Meniscal tissue is biphasic, composed of 
a solid and fluid component. Water is the main constituent of the meniscus, contributing 
approximately 70-75 percent of the total wet weight [Adams and Hukins, 1992, Fithian eta!, 
1990, Diamant eta!, 1972, Mow eta!, 1992, McDevitt and Webber, 1990, Serafini- 
Fracassini and Smith, 1974, Stockwell, 1979]. The water content of meniscal tissue has been 
found higher in specimens taken from posterior areas as-oppose to central or anterior, but 
similar when compared with depth from the femoral surface [Procter eta!, 1989]. 78 percent 
of the dry weight (22 percent wet weight) of meniscal fibrocartilage is fibrous fibril forming 
protein collagen of which 95-98 percent is Type I, with the vast majority of these orientated 
circumferentially. However, the presence of radially orientated fibres interwoven between 
the circumferential fibres throughout has been proven, but these are significantly lower in 
quantity [Beaupre eta!, 1986, Bullough eta!, 1970, Leslie, 1996, Leslie eta!, 1998, Skaggs 
eta!, 1994, Smillie eta!, 1970]. The remaining solid component is made up of 
proteoglycans, elastin, adhesion molecules and other non-collagenous proteins (e.g. matrix 
glycoproteins) [Ghosh and Taylor, 1987, Fithian eta!, 1990, McDevitt and Webber, 1990]. 
At light microscopic and ultrastructural levels, the meniscus is characterised by: 
Thick collagen fibres, predominately Type I, circumferentially orientated and smaller 
quantities of Types 11,111, and V; 
Extracellular matrix, composed mainly of collagen, with smaller quantities of 
proteoglycan, matrix glycoproteins and elastin; 
Proteoglycans are large and mainly aggregating; 
Matrix glycoproteins include link (116—K protein) and adhesive proteins - Type IV 
collagen, fibronectin and thrombospondin; 
Fibrochondrocytes - considerable potential to respond to growth in the repair or 
regeneration of the tissue. 
Collagen 
In natural synovial joints the tissue carrying compressive loads is cartilage or bone, in which 
one essential structural element is collagen. The overall shape and function, in terms of 
flexibility and locomotion, of the human skeletal system depend on a basic framework of 
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collagen fibres [Alexander, 1981]; most multicellular animals use the fibrous protein 
collagen as their structural scaffolding. 
Collagen is a key element of many connective tissues because of its all round robustness, 
including bone, tendons, cartilage and skin and provides their structural framework. It is also 
a key constituent of specialised membranes that surround and separate groups of cells and 
organs. Collagen mixes with a range of substances and can assemble itself in many different 
ways. This enables particular tissues to have unique properties. For example, collagen 
mingles with calcium crystals to give a rigid structure in bone and the parallel arrangement 
and cross-linking of collagen fibrils provide tendon with great tensile strength. In cartilage, 
collagen combines with a gel to create completely different effects such as shock absorption 
and an impressive resistance to force. Apart from a few cells and blood vessels, dense 
fibrous connective tissue is almost made exclusively of type I collagen fibrils. 
A collagen fibre is built up from smaller strands wound together, like a piece of rope. There 
are four structural layers. A molecule of collagen consists of three protein chains (alpha 
chains), each turned into a left-handed helix. In turn these chains are intertwined to form a 
right-handed cable or triple helix. Three protein chains, each about 1000 amino acids long, 
make up a single molecule of collagen. At each end of the molecule, are a few extra amino 
acids that are not part of the helix. These amino acids are responsible for forming strong 
links with nearby molecules, mainly collagen. Collagen molecules join together side by side 
and head to tail to form larger cylinders, called fibrils, which in turn link up into bigger 
fibres. 
Alpha chains have a very regular structure. The amino acid glycine (gly) is one of the amino 
acids that make up the chain. Glycine is the smallest amino acid, so it takes up the least 
amount of space, and the one-in-three arrangement that exists, (which means that glycine 
appears in the chain every third amino acid), means that glycine is always positioned at the 
cramped centre of the triple helix, enabling the molecule to pack tightly. Proline (pro) and 
hydroxyproline (hyp) make up another 30 percent of the alpha chain. Hydroxylysine (hyl) 
and other amino acids may also be present. Other structural proteins like fibroin, which gives 
organs elasticity, also have regular repeating series of amino acids in the chain. 
Hydroxyproline and hydroxylysine feature rarely elsewhere in biological systems. Each 
provides strength and solidity. These two substances, along with glycine, form thousands of 
weak, but nevertheless crucial hydrogen bonds between alpha chains. 
Collagen molecules spontaneously assemble into fibrils. The molecules are united by various 
links, including a very strong three-way bond between two hyls and lysine, formed with the 
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help of an enzyme. The amount of cross-linking depends on tissue type and increases with 
age. For example, collagen in the Achilles heel, which connects the calf muscles to the heel 
bone, has far more cross-linking than collagen in the ear, reflecting the need for extra 
resistance to tensile stress in the lower leg. When stained and viewed with an electron 
microscope, fibrils show regularly spaced light and dark bands. This is because the parallel 
molecules within are staggered by one quarter of their length, every 67 nanometres. Small 
gaps exist at these intervals, where other molecules may attach, such as minerals and sugars, 
depending on the type of tissue. This uniform but staggered array safeguards against weak 
points that could buckle under stress. Fibrils in turn associate into giant fibres. 
There are two main groups in the collagen family: fibrillar and non-fibrillar. Fibrillar 
collagens are more widespread and are hardier and more rigid than non-fibrillar types, 
because they must bear the stresses in tissues such as skin, bone, cartilage and tendons. 
These form giant fibres. The non-fibrillar collagens are more diverse, both in terms of their 
assembly and function. Fibril associated collagens exist alongside their fibrillar cousins 
where they aid the orientation of hefty fibres and link fibrils to each other and to other 
important substances. Other non-fibrillar collagens form networks and sheets, types IV and 
VII. Type IV is a crucial ingredient of basement membranes - thin but sturdy sheets that 
separate the layers of cells that line tubes, cavities and organs. This type is also a vital part of 
connective tissue, the extracellular matter that connects and supports organs. Different 
collagen types also intermingle to form unique structures. 
Due to the number of variations of the alpha chain and the large numbers of amino acids, 
there are nearly 16000 theoretical collagen types, which means that most of the roles and 
combinations of collagen types remain a mystery. 
Meniscus Collagen 
The meniscus is highly fibrous, with thick bundles of collagen fibres forming 60-70 percent 
of the solid component. The menisci contain coarse fibre bundles of type I collagen [Fithian 
eta!, 1990], in contrast to the fine, type II collagen fibrillar structure of articular cartilage. 
95-98 percent of the collagen present is Type I, which is capable of forming long, thick 
fibres [Fithian eta!, 1990]. Types II, III and V account for the remaining tissue collagens 
[McDevitt and Webber, 1990]. 
The collagen fibres within the meniscus have a characteristic organisation in three 
orientations: circumferential, radial and oblique. They are known to be orientated 
predominately in the circumferential direction parallel to the periphery of the meniscus, with 
only a few aligned in the radial direction [Beaupre et a!, 1986, Bullough et a!, 1970, Fithian 
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eta!, 1990, Leslie, 1996, Leslie eta!, 1998, Skaggs eta!, 1994, Smillie eta!, 1970, Tissakht 
eta!, 1995]. 
Figure 3.6 Collagen orientation within the meniscus displaying the random orientation of the 
surface layer (S), the predominant circumferential fibre bundles (C) and the sparser radial tie- 
fibres (r). 
This fibre arrangement follows the function of the tissue. The circumferential fibres, which 
are arranged in large bundles of diameter 50-150 tm, appear to be continuous with those of 
the anterior and posterior ligamentous horns that anchor the menisci firmly to the bone and 
are concentrated in the peripheral one-third. This continuity of fibres enables transformation 
of axial loads into hoop stresses during joint loading. The insertional ligaments make the 
dramatic change in stiffness between soft tissue and bone less sudden, reducing stress 
concentrations and risk of fatigue failure during motion. The amount of fibrocartilage has 
been related to the mobility of the attached structure with larger amounts found in the more 
mobile lateral compared to the medial [Benjamin et a!, 1991]. The long, circumferential 
fascicles, form bundles which are held together by ramifying sheets of collagen, the roots of 
which begin at the broad, peripheral margin of the meniscus, with the branches extending 
towards the bearing surfaces and narrow inner edge. In cross section these ramifying sheets 
appear as radial tie fibres. The radial fibres emanate from the peripheral capsular 
attachments, where there is a condensation of collagen, and weave through the large 
circumferentially arranged collagen fibres. These radial fibres may provide shear strength, 
which is required by the tissue in tying the large circumferential bundles together in the 
interior of the meniscus, offering a resistance to the separation of the circumferential bundles 
(longitudinal tears) caused by tensile stresses exerted at right angles to them through 
compression [Beaupre et a!, 1986, Bullough et a!, 1970, Fithian et a!, 1990, Ghosh et al, 
1987, McDevitt and Webber, 1990, Merkel, 1980]. The surface layer of the meniscus is 
structurally different from the internal section of the meniscus and contains a higher density 
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of fibres in a more random orientation [Fithian eta!, 1990, Whipple eta!, 1985]. The distinct 
narrow surface layer, approx. 30-120j.tm  thick, consists of sheets of radially and obliquely 
orientated collagen fibres, adjacent to the tibia and the femur and contains a higher 
concentration of Type II collagen. These act as an envelope for the coarse, circumferentially 
orientated fibres in the deep interior zone [Fithian eta!, 1990]. The proportion of oblique 
fibres is small [Bullough eta!, 1976]. 
Microscopic and mechanical techniques have been used to distinguish the structural and 
mechanical properties of radial fibres as oppose to those in circumferential direction. The 
relative content of radial fibre collagen within the lateral and medial meniscus is identical, 
and there is no measurable difference between the collagen fibre bundle content of the 
anterior, central and posterior parts of the menisci. However, results demonstrate that there 
are significant differences between the fibre content of different parts of the menisci when 
they are measured in the transverse or corona1 3 section [Leslie eta!, 1998]. Light and 
scanning electron microscopy have been used [Beaupre eta!, 1986] to define the 
microstructure of the human knee meniscus. Two structurally different regions were shown: 
Mesial (inner two-thirds) - contains collagen bundles orientated in a radial direction and 
parallel to the articular surface. They run from the free margin to the peripheral parts of 
meniscus. Radial pattern. 
Peripheral (outer one-third) - the large bundles lay horizontal and parallel to the tibial 
surface peripherally and circle from the anterior horn to the posterior horn. At these 
locations, the collagen bundles obtain anchorage to the bone of the intercondylar region 
The mesial regions, where radial fibres predominate, are covered with a gliding surface and 
receive load and transmit it to the periphery [Beaupre eta!, 1986]. Peripheral circumferential 
fibres resist dislocation of the meniscus [Beaupre eta!, 1986]. At the articulating surfaces, 
fibre bundles of collagen, lying parallel to the surface, form a covering layer in continuity 
with the synovium. 
The surfaces of the normal menisci are not smooth and appear rough in microscopic terms. 
The significance of roughness detected through scanning electron microscopy and 
conventional light microscopy is not certain [Good, 1997, Leslie eta!, 1998]. However, the 
outer portion of the meniscus has been shown to be significantly rougher than the middle and 
inner portions, which were virtually identical. Under low and normal loading the femur sits 
A Coronal plane is a vertical plane from head to foot and parallel to the shoulder. 
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mainly on the outer region of the meniscus. The mean roughness of a healthy middle-aged 
sample of knee articular cartilage has been found to be RA = 0.5-3.tm [Thomas eta!, 1980] 
Electron microscopy and other methods, such as light and x-ray diffraction, have 
demonstrated the presence of collagen and have shown coarse collagen fibre bundles running 
roughly parallel to each other and circumferentially in the direction of the aforementioned 
hoop stresses. However, electron microscopy cannot demonstrate a fracture in a collagen 
fibre since it is impossible to judge if the full length of a particular fibre is visible in one 
section. 
Extracellular Matrix 
Collagen molecules are far too large to fit inside cells and instead are found in the 
surrounding region, or extracellular matrix. The matrix is a tangle of proteins and 
carbohydrates that occurs in varying amounts in different parts of the body. Connective 
tissue is a combination of matrix and cells. The three types of cartilage found throughout the 
body - hyaline, elastic and fibro- cartilage - are all composed of chondrocytes and 
extracellular matrix macromolecules. 
The extracellular matrix of meniscus tissue may be considered mechanically as composed of 
two phases, a solid phase (26 percent wet weight) and a fluid phase (74 percent wet weight). 
The solid matrix ultrastructure is formed by thick bundles of collagen as previously 
described. Type VI collagen, a minor protein in cartilage seems to play an important role in 
the organisation and the integrity of the cartilage matrix. A probable physiological function 
of type VI collagen is to anchor cells to their surrounding extracellular matrix. Type VI 
collagen may function as a bridging molecule between the various components of the 
extracellular matrix and the chondrocyte surface [Poole eta!, 1988]. It is found in direct 
contact to the cell membrane, interacts with cellular receptors and with various matrix 
components. The fluid phase consists of water and interstitial electrolytes. Matrix 
compaction and a hydraulic pressure gradient may force most of the water through the 
porous-permeable membrane. This water flow also plays an important mechanical role in 
governing deformational behaviour of the tissue. Tissue response to dynamic loading is 
governed by the frictional drag caused by the fluid flow. 
The interactions between water, collagen and proteoglycans cause the collagen - 
proteoglycan matrix to behave as a fibre reinforced solid material capable of resisting 
tension, shear and compression [Fithian eta!, 1990]. In terms of collagen matrix structure, it 
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has been suggested that the medial and lateral menisci are similar, suggesting they perform 
in a similar manner [Aspden et al, 1985, Bullough et a!, 1970, Cameron and McNab, 1972]. 
Histologically, more is understood of the extracellular matrix (ECM) molecules, than of the 
cells. Measurements of the numbers of cells, frequency of cell division and of nuclear DNA 
have rarely been attempted. The intrinsic or "flow-independent" properties of the porous-
permeable solid matrix of cartilage and meniscus are commonly described by the material 
coefficients: Young's modulus, compressive aggregate modulus, shear modulus, and 
Poisson's ratio. 
Proteoglycan (PG) 
Whilst collagen is a key feature of cartilage, the tissue is given very distinct properties by 
another ingredient of the extracellular matrix with which it works closely, proteoglycan. The 
meniscus contains less then 1 percent proteoglycan wet weight compared with a 
corresponding figure of 7 percent for articular cartilage and 16 percent found in hyaline 
cartilage [Fithian eta!, 1990]. The solid organic component is approximately 2-3 percent 
proteoglycan. Proteoglycans are large (1 06 Dalton) highly negatively charged hydrophilic 
molecules that can entrain water 50 times their weight in free solution. The strong collagen 
fibrils organised into a fine meshwork (i.e. matrix) immobilise the proteoglycans within the 
cartilage. They provide the tissue with a high capacity to resist large compressive loads by 
virtue of their high-fixed charge density and charge-charge repulsion force, creating a gel 
like environment that is superb for withstanding compression and subsequent stiff extension 
[Fithian eta!, 1990]. They are also able to form elastic networks in solution, capable of 
storing energy [Fithian et a!, 1990]. Proteoglycans have been found to be relatively more 
abundant at the inner periphery of the meniscus [Adams and Ho, 1987, Anderson ci a!, 1991, 
Nakano eta!, 1997]. It may be inferred that this enhances the capacity of the meniscus to 
withstand compressive stresses in this region [Leslie eta!, 1998]. Differences have been 
observed in the proteoglycan concentration of the medial and lateral menisci. However, 
recent work by Fithian did not reveal significant variation in the total sulphated 
glycosaminoglycan concentrations for six different regions of the normal medial and lateral 
menisci [Fithian eta!, 1990]. 
Proteoglycans are compressed to about 20 percent of their natural solution domain and this 
accentuates the mechanism to resist compressive forces. In addition, the presence of these 
negatively charged groups attracts many positive counterions in the aqueous bath, creating a 
Dorman osmotic pressure, which further enhances the tissue ability to resist compressive 
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load and imbibe fluid. These physiochemical processes, along with the natural resistance of 
the bulk material to resist compression, give cartilage and menisci their compressive 
properties. Collagen fibres nestle in this watery environment and provide resistance to 
stretching forces. In this way, joints can support extremely high stresses over an entire 
lifetime. Cells responsible for synthesising matrix constituents are also present, occupying 
holes called lacunae that speckle the matrix at intervals. 
With respect to hydration, it may be presumed that in normal cartilage the tendency for 
proteoglycan macromolecules to imbibe water and thus swell is limited by tensile stresses in 
the collagen network entrapping the proteoglycans. If this view of cartilage were correct, 
collagen network failure would be revealed as an increase in the hydration of the cartilage. 
Proteoglycans can form aggregates in situ, made up of 100 - 200 proteoglycan monomers 
attached to a single backbone of hyaluronic acid, and this helps to immobilise them within 
the collagen fibrillar meshwork. Link proteins bind the monomers to the hyaluronic acid to 
stabilise it. [Fithian et al, 1990] 
Electron microscopy has highlighted an array of collagen - proteoglycan interactions, 
including some within the inter-fibrillar space. Forces are undoubtedly also generated 
between charge groups and from sliding motion between collagen and proteoglycans. 
Collagen Crimp 
An additional structural feature of the collagen fibre is its possession of a crimped structure. 
Under polarised light, a periodic light and dark banding structure of 100 tm with an angle of 
5-25° can be seen which results from the planar zigzag wave along the fibre path. This is 
generally agreed to be the cause of the characteristic toe-region on the stress-strain curves of 
soft-tissues due to the waviness (or crimp) of the fibres within physiological levels of stress 
[Morgan, 1960, Viidik, 1980] and is believed to act as a shock absorbing system. If the 
collagen fibres are coiled with the same slackness to begin with then the only load-bearing 
component is the matrix. When a sample of soft tissue is stretched, the amplitude of the 
waviness of the fibres decreases until they become straight. Some fibres or bundles may 
become straight before others, consequently the stiffness of the sample increases gradually 
and become constant when all the fibres become straight. If the strain at which the first fibre 
becomes straight were known, then the riatrix stiffness or elastic modulus would be the 
tangent to the stress-strain at that strain. This strain limit remains unknown due to the lack of 
knowledge about the geometry of the fibres. 
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It is generally accepted that the crimp is (locally) planar, rather than helical. Discussion now 
ëentres on the form of the planar waves and whether it takes the form of a sine wave or a 
zigzag wave with straight portion and sharp corners. 
With increasing age, the angle of the planar waveform increases thus decreasing the shock 
absorbing effect [Gathercole and Keller, 1975]. 
Synovial fluid 
Synovial fluid lubricates the joint surfaces of mammals. It consists of a 0.2 percent solution 
of mucin (primarily hyaluronic acid) in water. It has two main functions, which are to 
cushion the joint against impact and to reduce friction. To perform both tasks the fluid must 
exhibit different mechanical properties at different shear rates; i.e. it must be non-Newtonian. 
Synovial fluid has a high viscosity (little more than twice that of water): at low shear rate 
(0.1 s') - order of 20 kg m 1 s-1 and at high shear rate (1000 s') -0.02 kg m' s. 
Physiological shear rates are approximately 105_ 106 s'. 






Collagen fibrils and proteoglycans are the structural components transmitting the internal 
mechanical stresses that result from loads being applied to the cartilage. Within this network, 
hydrophilic proteoglycans aggregate molecules are immobilised and restrained. 
Under load, the tissue expresses interstitial fluid into its unloaded areas and the joint capsule. 
During exudation, pressure differences produced in the fluid phase that cause the flow, also 
carry varying amounts of the load, effectively reducing the load carriage and stresses in the 
solid matrix. When the load is removed the tissue recovers the lost water (imbibition), due to 
its inherent swelling pressure. 
Vascular Anatomy 
In general, the knee joint has a very rich blood supply [Shim and Leung, 1986]. However, 
the majority of the meniscus has no blood supply. The anatomy of avascular 
fibrocartilaginous menisci is well established. Anatomic studies have shown that ill the adult 
meniscus, the peripheral 10-30 percent of the medial and 10-25 percent of the lateral 
meniscus are vascularised, along with the peripheral attachment, Figure 3.7. The remaining 
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inner portions of the menisci are avascular. The anterior and posterior horns are more 
vascularised than the majority middle portion of the menisci [Arnoczky and Warren, 1982, 
Boublik el al, 1994. Danzig el al, 1983. Day eta!, 1985. Peterson and Tillmann. 1995]. The 
posterolateral segment of the lateral meniscus adjacent to the popliteal hiatus is devoid of 
penetrating blood vessels. 
Figure 3.7 Peripheral Meniscal Blood Supply. 
The vascular supply to both the medial and lateral menisci is primarily provided from 
branches of the superior and inferior medial and lateral genicular arteries. The middle 
genicular arteries also make additional contributions by penetrating the posterior horn 
attachments. These blood vessels give rise and contribute to a perimeniscal capillary plexus 
in the synovial and capsular tissue, with radial branches directed towards the centre of the 
joint, which supplies the peripheral regions of each meniscus [Arnoczky and Warren. 1982. 
Boublik eta!, 1994]. In addition to this intra-meniscal blood supply, a vascular synovial 
fringe exists which extends 1-3mm over the articular surfaces [Arnoczky and Warren. 19821. 
This blood supply directly nourishes the outer one-third of the menisci, whilst the inner two-
thirds of the menisci is dependent upon diffusion along concentration gradients across the 
intercellular matrix, for its nutrition from the synovial fluid present in the knee joint capsule. 
With increasing age there is a decline in meniscus vascularity. Blood vessels can he 
identified in the peripheral third of the menisci around week 22 of gestation in man [Peterson 
and Tillmann, 1995]. At birth, approximately half of the area of the meniscus is vascularised, 
the outer 50 percent, but by the age of 40 years, this area has decreased to less than 20 
percent of the total area [Arnoczky and Warren, 1982, Danzig ci a!, 1983, Day el a/, 1985, 
Peterson and Tillrnann. 1995]. Vascular injection studies document consistent vascularity in 
the peripheral 10-30 percent of the adult human meniscus [Arnoczky and Warren. 1982, 
Scapinelli. 19681 and even greater penetration in the skeletally immature individuals [Clark 
and Ogden. 1983, Shim S-S and Leung G. 1986] 
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Vascular Response to Injury 
Due to the majority of the meniscus having no blood supply, it is unable to undergo the 
normal healing process that occurs in the rest of the body. Study of the degenerative 
meniscus has shown no significant alteration of its vascular pattern when injured [Danzig et 
a!, 19831. The abundant blood supply in the outer one-half to one-third of the menisci, 
support attempts to repair peripheral tears of the meniscus where the local vascularity should 
enhance healing [Shim and Leung, 1986]. 
Innervation (Neuroanatomy) 
The innervation of the menisci has not been as well characterised as the vascular supply. It 
arises from the richly innervated perimeniscal capsular tissues and penetrates the peripheral 
one-third of the meniscus. 
The nerve fibres appear only partially parallel to the vascular supply. There is general 
agreement that the anterior and posterior horns are more highly innervated than the middle 
portion of the meniscus body similar to vascularisation [Arnoczky et a!, 1987, Day ci a!, 
1985], but reports vary as to whether any nerves are present in the latter. These differing 
reports may be caused by the use of different classifications of anatomical regions. It is 
evident, however, that encapsulated end organs with mechanoreceptor function predominate 
at the horns and attachment structures and that free nerve endings are found throughout, 
except for the inner one-third of the men iscal body [Renstrom and Johnson, 1990]. The 
nerve endings in the menisci have sensory function, therefore, they may provide some 
proprioceptive function relating to joint position [Renstrom and Johnson, 1990]. 
Robert Moran 	 27 
4.0 Mechanical Properties of the Meniscus 
4.0 Mechanical Properties of the Meniscus 
The meniscus exhibits viscoelastic material properties. It is biphasic, since its response to 
loading can be separated into a solid and liquid phase. Load-deformation of the solid phase 
depends primarily on collagen, but also proteoglycans and its proteins, and is comparable to 
a fibre-reinforced, porous, permeable composite material [Armstrong and Mow, 1982, 
Procter et al, 1989]. The liquid phase governs deformational behaviour of the tissue through 
fluid being forced to flow through the porous-permeable matrix by a hydraulic pressure 
gradient and matrix compaction [Procter eta!, 1989, Torzilli, 1985]. Studies performed to 
investigate the mechanical properties of the menisci can be categorised into two main 
groups. Studies on the static or quasi-static properties concerned with the determination of 
the elastic modulus and/or stress at failure and studies on the dynamic response of the 
meniscus [Chem eta!, 1990, Favenesi eta!, 1983, Uezaki eta!, 1979]. 
Human meniscal tissue has been tested under uniaxial tension, compression, and pure shear 
forces [Brantigan and Coshel, 1941, Bullough et a!, 1970, Fithian et a!, 1985, Fithian ci a!, 
1989, Hacker et al, 1992, Skaggs and Mow, 1990, Tissakht and Ahmed, 1995]. Under all 
cases, the material and mechanical properties of meniscal tissue have been found to be 
anisotropic and inhomogeneous and this appears to dominate its behaviour under all loading 
conditions [Fithian et a!, 1989, Fithian et a!, 1990, Mow et a!, 1992, Procter ci a!, 1992, 
1989, Skaggs and Mow, 1990, Whipple eta!, 1985]. This means that their characteristic 
behaviour varies with respect to specimen orientation, relative to the predominant collagen 
fibre direction and sample location. The inhomogeneity is related to depth below the femoral 
surface and also to circumferential position (anterior, central and posterior). However, 
relatively few studies have described the mechanical and/or material properties of meniscal 
fibrocartilage, with the vast majority of these studies investigating tensile properties. 
[Bullough ci al, 1970, Chem ci a!, 1990, Fithian ci a!, 1989, Mathur ci a!, 1949, Procter ci 
a!, 1989, Uezaki eta!, 1979, Whipple ci a!, 1985]. 
Under normal loading conditions the menisci are subject to tensile, compressive and shear 
forces. Load-bearing studies have shown that the menisci are subjected to 50-70 percent of 
the load on the knee joint [Ahmed and Burke, 1983, Kurosawa ci a!, 1980, Shrive, O'Connor 
and Goodfellow, 1978, Whipple and Mow, 1985]. The collagen component of menisci 
ensures structural integrity and mechanical efficiency. The most important mechanical 
properties of collagen fibres are their great tensile stiffness and strength. They are weak in 
flexion and/or compression. The collagen fibres make their greatest contribution to tissue 
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material properties when they are aligned along the direction of the load. The basic 
assumption that collagen fibres align with the principal tensile stresses in meniscal tissue 
seems valid. They do so in tendons and ligaments and although the nature of loading and 
subsequent stresses in cartilage is more complex, the assumption appears valid [Fithian et a!, 
1990]. 
Forces on the Knee Joint 
Human joints are subjected to a wide range of forces during the activities of daily living. 
Joint forces can be several times body weight during activities such as climbing stairs or 
rising from a chair, Table 4.1. These forces can increase to 10 or 20 times body weight with 
athletic activity such as running and jumping [An eta!, 1991]. Joint angles and activities 
greatly influence the magnitude of the forces within the knee joint. Normal walking can 
impose compressive loads of three to four times body weight (2250-4000N), and the loads 
are even larger when stair-climbing or rising from a chair [O'Connor and Goodfellow, 1996]. 
compression 
knee angle (degrees) 
Tibiofemoral joint force 
Anterior shear 
Force (x BW) 	knee angle (degrees) 	Force (x BW) 
Cycling 60-100 1.2 105 0.05 
Walking 15 3.0-3.5 5 0.4 
Isometric extension 60 3.1 - - 
Isometric flexion 5 3.3 45 1.1 
Walking up stairs 45 4.3 
Walking down stairs 60 3.8 5 0.6 
Rising from chair - 3-7 
Isometric exercise: 55 4.0 75 1.7 
flexion at 60 deg sec' 
Isometric exercise: 55 3.8 75 1.4 
flexion at 180 deg sec-1 
Squat - rise 140 5.0 140 3.0 
Squat - descent 140 5.6 140 3.6 
Table 4.1 Tibiofemoral joint forces (compression and anterior shear) during various activities. 
IAn eta!, 19911. 
Most human joints can undergo many millions of loading cycles without significant 
degeneration and continue into old age without clinical symptoms ofjoint damage. The loads 
encountered by the human body are crucial to understanding the generation of extreme 
forces across human joints, since large or abnormal forces can initiate a cycle ofjoint 
degeneration, ending in osteoarthritis. 
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In the meniscus, the exact nature of distribution of stresses and strains arising in the solid 
matrix due to loading is not clear. However, general hypotheses are possible based upon the 
gross anatomy of the meniscus. The dominant form, wedge shape and peripheral location of 
the meniscus causes them to be extruded from the knee during weight bearing [Ghosh and 
Taylor, 1987, Jaspers eta!, 1980]. Frictional forces between the meniscal and adjacent 
articular cartilage tissues can be assumed negligible, when we consider the extremely low 
coefficient of friction created by the synovial fluid. Therefore, the loads transmitted to the 
meniscus must be perpendicular to the meniscal surface, Figure 4.8. 
FEMORAL CONDYLE 
Figure 4.8 Forces acting in the joint capsule. 
On the femoral surface in particular, the load will have both axial and radial component, 
Figure 4.9A. The upward force from the tibial surface opposes the axial force. The radial 
component of force, which creates extrusive forces that tend to displace the meniscus from 
the joint, is resisted primarily by internal forces acting in the circumferential direction, 
Figure 4.913, generated through the strong attachments to bone at the anterior and posterior 
horns of the joint. This extrusive force produces large circumferential (hoop) tensile stresses 
within the matrix. The stiff circumferential fibres provide the required resistance in tension. 
There is evidence that the attachments between the medial meniscus and medial collateral 
ligament are also important constraints to the motion of the medial meniscus [Fithian et a!, 
1990]. 
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Figure 4.9 Forces on the meniscus viewed in coronal cross-section (A) and developed within the 
meniscus viewed from above the tibial plateau (B). 
'Hoop' Stress 
Although the menisci function under compression in the knee, the circumferential (or hoop) 
tensile stress that develops in the tissue under load is the essential mechanical property of the 
meniscus and probably dominates both local function and failure [Fithian et a!, 1990, Krause 
et a!, 1976]. Hoop stresses are generated in the meniscus when it is compressed between the 
opposing condyles of the knee. The circumferential orientation of the collagen fibre bundles 
appears well suited to bearing this load through translating compressive force into 
circumferential stress. This resulting hoop stress resists the tendency for the meniscus to be 
forced out from between the joint surfaces during normal physiological loading of the knee, 
thus allowing the meniscus to transmit femorotibial load. The restoring stress in any strained 
fibrils will generate a hoop stress to balance the applied compression. The tensile stiffness of 
the collagen fibres prevents displacements becoming too large and tearing the meniscus. The 
inclusion of this unique fibrous structure is, therefore, essential in the simulation of a 
men iscal mechanical response to loading [Berjon et a!, 1990]. In theory, a radial transection 
through the entire meniscus or attacking ligaments will completely disable the load-
distribution function of the meniscus [Seedhom and Hargreaves, 1979]. 
The collagen network matrix, composed mainly of circumferentially arranged collagen 
fibres, provides the meniscus with its tensile strength and to a much lesser extent its shear 
strength, through radially arranged cross-links. The presence of radial tie-fibres has been 
confirmed by a number of researchers [Beaupre et a!, 1994, Bullough et a!, 1970, Cameron 
and McNab, 1972, Leslie eta!, 1998, Skaggs eta!, 1994]. These fibres have been found 
grouped mainly at the tibial surface and to a lesser extent the femoral surface [Bullough et a!, 
1970, Cameron and McNab, 1972]. Skaggs eta!, 1994 determined these radial fibres to be 
thicker and more frequent in the posterior region of bovine menisci. When viewing adjacent 
radial slices, the radial fibres were seen to persist over many slices, with similar geometries 
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and positions, suggesting that they may in fact be sheet-like structures as opposed to singular 
fibres. [Skaggs eta!, 1994] Both Beaupre eta!, 1994 and Leslie eta!, 1998, demonstrated 
that radial fibre density was greatest near the inner periphery, with the inner two-thirds 
displaying primary radially orientated fibres. The outer one-third displayed a composition 
mainly of circumferential fibres. This suggests that radial fibre density contributes 
particularly to the shear strength of the meniscus, since the largest shear strains are generated 
in this region under normal physiological loading [Spilker and Donzelli, 1992]. Bucket-
handle tears occur frequently in the zone bordering the two regions and this distinct junction 
may be a cause of weakness. Radial tie fibres are thought to resist crack propagation and 
prevent longitudinal splitting in the meniscus [Bullough et a!, 1970, Cameron and McNab, 
1972]. Finite element modelling has shown that the meniscus bears load through a 
combination of hoop and compressive stresses, with axial strains being mainly compressive 
[Spilker and Donzelli, 1992]. 
In terms of collagen matrix structure, the medial and lateral menisci are similar. which would 
suggest that they function in a similar manner [Aspden et a!, 1985, Bullough et a!, 1970, 
Cameron and McNab, 1972]. 
The fluid component of cartilage is thought to explain the extremely low values of friction 
measured in synovial joints, with values reported as low as 	0.02 [Unsworth, 1975]. The 
response of the meniscus to dynamic loading is governed by the frictional drag caused by the 
fluid flow. 
The diameter of the collagen fibres also plays a significant role in determining the 
mechanical properties of a tissue. For example, the plastic deformation or 'creep' of tissues is 
directly related to the proportion of small diameter fibrils [Party, 1988]. Conversely, the 
ability to withstand high stress levels is related to the proportion of large diameter fibrils. As 
the diameter increases the flexibility of the tissue decreases and there is a decrease in the 
ability to resist crack propagation. The variation in diameter of collagen fibres between 
tissues is illustrated by tendon (200 nm), skin (approx. 100 nm) and cartilage (approx. 50 
nm), and this can be related to their relative mechanical properties. In some tissues there is a 
bimodal distribution of fibre diameter, the voids between the large fibres being filled by 
small fibres, thus allowing a high collagen content but maintaining a flexibility of the tissue 
[Parry eta!, 1978]. Unfortunately, data concerning the collagen fibre diameters and in 
particular the change in diameters within the meniscus are unavailable in the literature. 
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As structures the menisci should perform as highly efficient shock absorbers per unit mass, 
due to their combination of low compressive stiffness, low permeability (18.13 xl 016  m2 N 1 
S-1 ) and the characteristic crimp of the collagen fibres. It is likely that the meniscus absorbs 
most of the shocks across the knee joint. This may be due to the combined mass of the 
meniscus being far greater than that of the articular cartilage bearing load across the tibio-
femoral joint and being roughly half as stiff in compression and less permeable than AC. The 
low stiffness of meniscal material also aids in load distribution simply because the material 
is more deformable [Fithian eta!, 1990]. 
The mechanical properties of the meniscus may be shown to be dependent on the physical 
environment and the rate of straining and also vary between the age and health of the patient. 
The vast majority of mechanical testing of the meniscus has been performed on fixed tissue. 
Indeed the author has been unable to find published material concerning the mechanical 
testing of fresh, human knee joint meniscus in the literature. The obvious problem 
encountered when using fixed meniscus is the effects that the formaldehyde has on the 
collagen that makes up the meniscus. Formaldehyde stiffens the meniscus by increasing the 
number of cross-links between adjacent collagen molecules [Cheung and Nimni, 1982] and 
the differences observed between the zones reflect a variation in collagen distribution and 
alignment. Ghosh and Taylor, 1987, subjected mature human knee joint meniscus sections 
from the inner, middle and outer regions to tensile loading while immersed in saline. No 
significant differences were found in the tensile properties of the three regions when tested in 
saline, however, significant differences between the three regions were evident on exposing 
to neutral formaldehyde. All samples became stiffer, but less towards the inner regions than 
in the periphery, Figure 4.10. They compared the effect of fixation on the tensile properties 
of the tissue using the empirically derived equation d(stress) = B x stress + C to describe 
d(strain) 
the experimentally derived stress-strain curves for the individual meniscal sections. Exposure 
of sections to neutral formaldehyde for 16 hours (B-D) increased their stiffness relative to 
non-fixed tissue (A). Furthermore, sections from the inner zone (B) were found less stiff 
compared to those from the middle (C) or outer region (D) after this treatment. 
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Figure 4.10 Experimentally derived tensile stress-strain curves showing A non-fixed meniscal 
tissue, B inner zone meniscal tissue fixed for 16 hrs in neutral formaldehyde, C middle zone 
meniscal tissue fixed for 16 hrs in neutral formaldehyde, D outer zone meniscal tissue. IGhosh 
and Taylor, 19871 
Similar problems are encountered when samples of the meniscus are frozen for storage and 
are then thawed for testing, i.e. the structure of the meniscus alters. Other problems include 
using samples received from autopsy. By the very nature of the source, they suffer from a 
very specific and narrow age range, the effects of formaldehyde and an incomplete patient 
donor medical history. 
Room temperature is acceptable for testing, since there is believed to be only a very small 
change in stiffness and hysteresis between 20°C and 41'C, i.e. up to physiological 
temperatures [Smith et al, 1996]. Temperature parameters have been shown to be of 
secondary importance in the mechanical results [Lam eta!, 1990, Pioletti eta!, 1999]. 
However, strain rate has been reported as having no major influence on the tensile properties 
of meniscal tissue from different regions [Farinaccio, 1989]. 
Age, gender and health of the cartilage donor may influence material properties. Menisci 
obtained from osteoarthritic joints have been found to contain less collagen and more non-
collagenous proteins than normal joints [Ghosh and Taylor, 1987, McDevitt and Webber, 
1990], which may effect their mechanical performance. 
Age-related Properties 
The maturation and ageing of the meniscus is similar to that found in AC [Ghosh and Taylor, 
1987]. It is well documented that the collagen content of the meniscus increases from birth to 
30 years, remains constant until 80 years and then begins to decline [Ghosh and Taylor, 
1987, McDevitt and Webber, 19901. Much of the deterioration of the body that comes with 
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old age is due to the decreasing amount and quality of collagen in tissues. As we grow older 
collagen fibrils weaken and break and there is increased fibril cross-linking. Arthritis occurs 
when the joints start to produce unusually high levels of enzymes that break down collagen. 
The structure of bones also deteriorates, making them more prone to fractures. 
Collagen acts mechanically in tension. The collagen fibrils possess little strength in flexion 
or torsion, but exhibit a very high tensile strength. During ageing, changes occur in the 
collagenous framework, including an increase in rigidity of the tissue, with the fibres 
ultimately becoming brittle [Viidik, 1982]. The tensile strength increases considerably with 
age. Studies on rat tail tendon [Torp eta!, 1975] have shown that the toe-region of the stress-
strain curve shortens as the fibre packing is tighter and stiffness increases with advancing 
age up to maturation. Little change occurs until old age when there is an increase in failure 
stress accompanied by a decrease in failure strain, indicating an increased cohesion between 
the microfibrils, thus preventing slippage. The deleterious age-related changes in collagen 
that manifest in the stiffening of the joints are thought to be primarily due to the increase in 
intermolecular cross-linking of the collagen molecules within the tissues [Bjorksten, 1962]. 
Such cross-linking between microfibrils would certainly increase the stability of the fibre 
and account for the increase in mechanical strength with age as these transverse cross-links 
continue to form. The change in the mechanical properties of cartilage with ageing has 
significant implications for the functional integrity of the tissue. The increase in collagen 
fibre diameter, which leads to microscar formation, may be a direct consequence of the 
increase in cross-linking [Mallinger and Stockinger, 1988]. The functional properties of the 
tissue also depend on the primary structure of the collagen molecules themselves and 
changes can be significant in terms of decades of life as the matrix is slowly being renewed. 
Therefore, in old age it is possible that the composition of the fibres can be altered. Collagen 
has been shown to be fatigue prone under tension. This tensile property suggests it is the 
collagen network itself in both cartilage and cancellous bone that is fatigue prone. Collagen 
synthesis decreases steadily with maturation whilst collagen degeneration increases. It may 
be that the same collagen fibres are present in cartilage throughout human adult life. In view 
of this slow turnover of cartilage collagen, an individual collagen fibre will eventually 
accumulate a very large number of load cycles and as a consequence could conceivably fail 
mechanically in fatigue. This is fundamental to mechanical failure in natural and prosthetic 
joints. In the former, it may be responsible for the condition known as osteoarthritis. In OA, 
the biomechanical functions of the extra-cellular matrix are mainly affected by the disruption 
of the collagen network and by the loss of proteoglycans leading to a loss of the hydroelastic 
properties of cartilage [Mankin eta!, 1971]. Changes in the metabolic activity of 
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chondrocytes, induced by mechanical impact have been investigated in in-vivo and in-vitro 
models [Bachrach et a!, 1994, Guilak et al, 1997]. The cascade of mechanotransduction 
involves proteins, which transduce the extracellular mechanical signal into the cellular 
compartment [Wang eta!, 1993]. Type VI collagen seems to be a link between cartilage 
matrix and the chondrocyte surface. It is found in direct contact to the cell membrane, 
interacts with cellular receptors and with various matrix components. Higher levels of type 
VI collagen in OA may influence the signalling pathways from the extra-cellular matrix into 
the cells and contribute to an altered metabolism in osteoarthritic cartilage, leading finally to 
irreversible loss of the cartilage matrix. 
Mechanical Properties under Compression 
The meniscus is believed to be anisotropic in compression [Leslie et a!, 2000, Proctor et a!, 
1989, Skaggs and Mow, 1990]. Due to the structural anisotropy, meniscal samples taken 
parallel to the circumferential fibre bundles have been found to be stiffer and stronger when 
subject to compression, than corresponding samples taken in a radial (coronal) plane [Leslie 
et al, 2000, Procter eta!, 1989, Skaggs and Mow, 1990]. Leslie eta!, 2000, determined 
significantly greater stiffness in response to axially orientated forces, than in response to 
circumferential or radial forces, Table 4.2 and Figure 4.11. 
Young's modulus (MPa) 
Circumferential 	 10 	 288 
Radial 	 13 	 287 
Axial 	 19 	 299 




Figure 4.11 Orientations of meniscal samples used in study by Leslie eta!, 2000. 
The meniscus has been shown to be inhomogeneous in response to confined compression in 
all orientations, with the posterior region thought to be stiffer than the anterior or central 
regions [Fithian et a!, 1990, Mow eta!, 19921. In tests on bovine medial menisci, specimens 
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from the deep zones of the posterior third have been found significantly stiffer than 
corresponding anterior tissue [Procter eta!, 1989]. Radial specimens taken from the posterior 
region were stiffer under compression than those from anterior regions, corresponding well 
with the finding that there are a higher number of radially orientated collagen fibres in the 
posterior region as opposed to those in the anterior [Skaggs and Mow, 1990]. Tangent 
modulus has been found to range from 1 59-294MPa, with tissue stiffness increasing 
posteriorly [Fithian eta!, 1990]. 
The meniscus is believed to be roughly half as stiff in compression, much less permeable and 
dissipate more energy under dynamic loading when compared to articular cartilage [Woo et 
a!, 1987]. The compressive stiffness of articular cartilage is related to the load that it carries 
in life. Indentation tests have shown that areas of consistently stressed cartilage are stiffer 
than lightly stressed and intermittently used areas of cartilage. A direct relationship between 
the stiffness and the level of stress to which the cartilage was subjected to in vivo has been 
identified [Swann and Seedhom, 1993]. This is particularly relevant to the study of OA and 
its initiation by mechanical damage and similar patterns may be found in the meniscus. 
The compressive stiffness of meniscal tissue is likely to be derived from its high water 
content, collagen matrix structure and proteoglycan content [Fithian eta!, 1989]. The role of 
the fluid flow in determining viscoelastic response, by using confined compression testing 
has been emphasised [Favenesi eta!, 1983]. The menisci, and cartilage in general, are known 
to exude large amounts of fluid when subject to stress [Grodzinsky et a!, 1978]. The 
mechanical properties of cartilage change with the duration as well as the magnitude of the 
applied stress. This is primarily due to the forced movement of fluid through a porous 
medium, similar to water being squeezed out of a sponge but on a microscopic scale. Water 
movement is also inhibited by an electrochemical attraction to the matrix materials. It is this 
osmotic property that enables the cartilage to recover after the load is removed. There will 
also be a contribution to the time-dependent properties of cartilage from the structural 
polymers such as collagen, elastin and proteoglycans, due to their viscoelastic nature. 
The collagen proteoglycan solid matrix of articular cartilage and meniscus are slightly 
viscoelastic [Fithian eta!, 1989, Whipple et al, 1984, Zhu eta!, 19861. However, the 
contribution of the intrinsic viscoelasticity appears to be minor when one examines the 
mechanical response of the articular cartilage and meniscus in compression [Mak, 1986] 
Thus, in compression, which is the predominate mode of loading, the creep and stress-
relaxation responses are dominated by the frictional drag of interstitial fluid flow. 
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Mean Youngs modulus (MPa) 
Medial (MPa ± SD) 	Lateral (MPa ± SD) 
Mid-Anterior 	 88.20 ± 40.10 	 95.60 ± 27.90 
Mid-Posterior 	 72.10 ± 17.65 	 124.12 ± 22.10 
Table 4.3 Mea&Young's Compressive Modulus (MPa) by region for fixed (6 percent 
formaldehyde) autopsy samples [Moran, 19971. 
Table 4.3 contains data concerning the mean Young's Modulus (MPa) of formaldehyde (6 
percent) fixed meniscal tissue for specific regions (N=32), determined by Moran, 1997. It 
must be noted that the age range of the samples was 54 to 87 years. 
Mechanical Properties under Tension 
Uniaxial constant strain rate experiments have been used to determine the tensile stress-
strain relationship for human and bovine meniscal tissues [Fithian ci a!, 1989, Fithian ci a!, 
1990, Mow et a!, 1988, Procter et a!, 1989, Whipple et a!, 1985]. Meniscal tissue has been 
found to exhibit significant anisotropic and inhomogeneous behaviour in tension, [Fithian ci 
a!, 1989, Whipple eta!, 1984] with its tensile strength and stiffness greatest when the axis of 
loading is parallel to the circumferential fibre bundles [Bullough eta!, 1970, Fithian eta!, 
1990, Proctor et a!, 1989, Skaggs et a!, 1994, Whipple et a!, 1985]. No correlation has been 
found between tensile behaviour and biochemical composition of the matrix, suggesting that 
collagen ultra-structure and intermolecular interactions (e.g. collagen cross-linking) are the 
predominant factors influencing tensile response of the meniscus tissue in the circumferential 
direction [Fithian eta!, 1990]. 
Meniscal tissue has a great tensile stiffness and strength due to its coarse, circumferentially 
orientated Type I collagen fibre bundles [Fithian eta!, 1990]. The tensile strength and 
stiffness of meniscal tissue has been seen to be strongly anisotropic, correlating well with the 
orientation of collagen fibres in relation to the axis of loading [Bullough eta!, 1970, Fithian 
eta!, 1990, Procter eta!, 1991, Skaggs eta!, 1994, Skaggs eta!, 1990, Whipple eta!, 19851. 
The tissue shows greater strength and stiffness when tension is applied parallel to the 
circumferential fibres as opposed to either perpendicularly or obliquely [Bullough ci a!, 
1970, Fithian eta!, 1989, Procter eta!, 1989, Whipple eta!, 1985]. The tensile strength of 
meniscus has been primarily investigated in the axial direction, Table 4.4 [Bullough ci a!, 
1970, Fithian eta!, 1989, Whipple eta!, 1985]. Testing in this direction gives an estimate of 
the ability of the meniscus to withstand hoop-stresses. The testing of circumferential tensile 
strength is less common because of the greater restrictions on sample size, but good 
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agreement has been found concerning the Young's modulus in this direction [Bullough et a!, 
1970, Procter eta!, 1992, Skaggs eta!, 1994]. Tensile testing in this orientation is a relevant 
measure of the cross-links between the circumferential fibres. Radial fibres have been shown 
to contribute significantly to the tensile strength of the meniscus in this direction [Skaggs et 
a!, 1994]. Specimens with large radial fibres have been found to be significantly stiffer than 
those without [Skaggs eta!, 1994]. The surface layer of the meniscus has been shown 
isotropic in tension and less stiff than internal tissue [Procter eta!, 1991, Mow eta!, 1992], 
caused by the lack of structural fibre orientation in this area. Table 4.4 displays typical 
values for the tensile strength of meniscal tissue. 
Orientation Young's modulus (MPa) 
Surface 60 
Parallel to fibre bundles 3 - 300 
Perpendicular to fibre bundles 0.06 - 80 
Table 4.4 Reported range of values of tensile modulus of meniscal tissue I  Bullough et a!, 1970, 
Fithian eta!, 1990, Mow eta!, 19921. 
The meniscus has been found to be inhomogeneous [Fithian et a!, 1989, Mow et a!, 1992, 
Procter et a!, 1991, Whipple et a!, 1985] in both circumferential position and also depth 
below femoral surface. Regional variations in the tensile modulus of human meniscus have 
been identified through tensile loading of anterior, central and posterior regions of 
circumferentially orientated samples. Specimens from the posterior half of the medial 
meniscus were significantly less stiff and less strong in tension than specimens from all other 
regions [Farinaccio, 1989, Fithian eta!, 1989, Fithian eta!, 1990, Mow eta!, 1992]. This 
region has a high frequency of clinically observed tears. Circumferential regional variation 
has been observed in the stiffness (tensile modulus) and strength of normal human meniscus 
tested under uniaxial tension in the axial direction with the posterior regions observed stiffer 
than the anterior [Fithian eta!, 1989, Fithian eta!, 1990, Mow eta!, 1992]. Stiffness in the 
circumferential orientation has been found to increase from anterior to posterior, thought to 
be due to the differing concentrations and sizes of radial fibres in this region. Significant 
variations in tensile stiffness have been found by Proctor et al, 1989, between 
circumferentially orientated specimens from anterior, central and posterior regions, 
especially when the deeper zones were investigated [Procter eta!, 1989]. Ultra-structural 
studies using polarised light have confirmed that in the lateral meniscus, large type I collagen 
fibre bundles are highly oriented and arranged parallel to the periphery of the tissue. 
However, in the posterior half of the medial meniscus, collagen fibre bundles have 
significantly reduced circumferential organisation, i.e., they are not highly aligned in the 
circumferential direction [Fithian et a!, 1985]. This observation appears to explain the lower 
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measured tensile modulus of the medial posterior specimens. This site has a high frequency 
of clinically observed tears and thus may be due to the inferior tensile properties of the 
meniscus in this region. 
This inhomogeneity is also related to depth below the femoral surface, with the tensile 
strength of circumferential samples appearing to peak in the middle zone and be a minimum 
in the sub-surface zone [Procter eta!, 1992]. Circumferential meniscal samples have been 
found 3 to 4 times stiffer from deeper zones than in samples taken from the surface. 
However, radial specimens were 3 to 4 times stiffer in samples taken from the surface, than 
those taken in deeper zones were [Procter et a!, 1989]. Only specimens from the men iscal 
surface behave isotropically in tension without a major variation in stiffness dependent on 
orientation and location [Procter eta!, 1989]. Meniscal samples tested from the inner third of 
the meniscus have been shown to be significantly less stiff than those taken from the outer 
third [Fithian et al, 1990] and differences have been noted between the outer and middle 
thirds of the tissue [Leslie, 19961. This variation appears to reflect local differences in the 
tissue architecture, correlating well with the difference in collagen fibre arrangement 
previously noted. 
The rate of change (B) of the tangent modulus (measure of tissue stiffness), du/de, Table 
4.5, was found to be uniform throughout, indicating the relative uniformity of the collagen 
and proteoglycan content present. However, the tangent modulus at very low stresses, AB, 
varies in a manner similar to that seen for tangent modulus beyond the toe region, Table 4.5. 
Location A B AB E (MPa) 
MA 1.6 28.4 42.4 159.6 
MC 0.9 27.3 23.7 93.2 
MP 1.4 20.1 25.2 110.2 
LA 1.4 28.8 30.2 159.1 
LC 2.1 31.9 55.7 228.8 
LP 3.2 27.5 67.5 294.1 
Table 4.5 Parameters A, B, AB and tensile modulus Eof human meniscus: dependence upon 
location IFithian eta!, 19891. 
Articular Cartilage 
Studies performed on menisci obtained from a number of sources (human, bovine, canine) 
have shown that the tensile modulus of cartilage may vary from less than I MPa to over 
IOMPa [Kempson, 1975, Kempson eta!, 1976, Roth and Mow, 1980, Woo eta!, 1976]. The 
tensile modulus depends upon the type of tissue (human, bovine, canine), age, type of joint, 
sample location, i.e. weight-bearing characteristics, depth of sample from the articular 
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surface, relative orientation with respect to the split line, biochemical composition and 
molecular structure and state of degeneration [Akizuki et a!, 1986, Kempson, 1975, 
Kempson et a!, 1976, Myers et a!, 1986, Roth and Mow, 1980, Setton et a!, 1990, Woo el a!, 
1976]. The tensile modulus of the solid matrix of human articular cartilage has been 
determined using equilibrium data from tensile stress-relaxation experiments [Akizuki ci a!, 
1986, Myers eta!, 19841. This data is relevant to studies on the human meniscus, since many 
patterns of behaviour are consistent throughout soft tissue biomechanics. 
For normal articular cartilage, the equilibrium stress-strain relationship has been determined 
as linear for strains up to 15 percent, from which the equilibrium tensile modulus was 
determined. Table 4.6 below shows the variation of this equilibrium tensile modulus for 
normal, fibrillated and OA specimens [Akizuki et al, 1986]. The tensile modulus of normal 
cartilage was larger than that of fibrillated and OA cartilage, consistent with the 
preponderant microscopic data on the morphology of tissue disruption during OA. 
Normal 	Fibrillated 	 OA 
	
Surface Zone 	10.1 	 8.5 	 1.4 
Subsurface Zone 	5.9 	 8.4 	 0.9 
Middle Zone 	4.5 	 4.0 	 2.1 
Table 4.6 Equilibrium tensile modulus for normal, fibrillated and OA AC specimens lAkizuki et 
a!, 19861. 
The tensile modulus of cartilage from the surface zone is larger than that of the middle zone. 
This observation is consistent with proposals that the surface layer is rich in collagen and a 
subtle preferred alignment of collagen fibres exists at the articular surface [Aspden and 
l-lukins, 1981], providing it with additional tensile stiffness and strength. Surface-zone 
specimens from high weight bearing areas were found to be less stiff than those from low 
weight bearing areas, due at least in part, to the lower collagen/proteoglycan ratio in the high 
weight bearing area than that found in the low weight bearing area [Akizuki ci a!, 1986]. The 
tensile modulus of specimens aligned parallel to the split-line direction is larger than that of 
specimens aligned perpendicular to the split line direction, regardless of the state of 
degeneration [Kempson, 1979, Roth and Mow, 1980, Woo et al, 1980, Woo eta!, 1987]. 
The relationship between the tensile modulus and proteoglycan content is unclear. Studies 
have shown both no effect upon the tensile modulus with differing proteoglycan content 
[Schmidt, 1990], indicating that bonding between collagen and proteoglycan in the solid 
matrix is not covalent [Mow et a!, 1991], and also a highly significant correlation has been 
reported [Akizuki ci a!, 1986] to explain the differences found in surface and deep zones. 
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The tensile stress-strain relationship for articular cartilage and the resulting tensile modulus 
is dependent upon the rate of strain. It has been shown in studies performed on bovine 
articular cartilage that substantial quantities of fluid are expressed from cartilage specimens 
during tension [Roth and Mow, 1980]. This fluid movement must necessarily cause fluid 
pressurisation in the interstitium and frictional drag to be exerted onto the solid matrix. 
These effects increase as the rate of strain increases. Thus, the specimens would appear to 
stiffen with increasing strain rate. Conversely, as the strain rate becomes very low, the tensile 
modulus decreases and approaches the equilibrium tensile modulus measured from stress 
relaxation. This hypothesis was examined and experimentally verified by Li el al., 1983. 
Bovine Meniscus 
The biphasic, viscoelastic and material properties of bovine meniscus have been reported. 
[Chern, 1990, Favenesi, 1983, Fung, 1981, Mow eta!, 1991, Newton and Mow, 1992, 
Skaggs and Mow, 1990]. Whipple eta!, 1984 measured the tensile elastic modulus of the 
bovine meniscus using samples orientated radially or circumferentially prepared from the 
surface and deep layers and found it to be ten times as stiff parallel to the circumferential 
fibre bundles than perpendicular. The tissue was neither as strong nor as stiff in the surface 
zone as in the inner region. Table 4.7 shows the coefficients A, B and C represented in 
Equation 6 [Section 6.0] and the tensile Young's modulus, E, determined from the linear 
portion of the tensile stress-strain curve for bovine cartilage [Roth and Mow, 1980]. As 
expected these coefficients vary with the depth from the articular cartilage and the split line 
direction. The greatest tensile modulus was found in samples taken from the articular 
cartilage and parallel to the split-line. 
Slice A (MPa) B C=AB E (MPa) 
Axial 11 to tibia 	Top 2.1 5.0 10.6 42.2 
Middle 1.0 3.2 3.3 13.0 
Bottom 0.6 1.6 0.9 2.6 
Circumferential ± to tibia 	Top 0.9 3.6 3.2 15.6 
Middle 0.5 2.2 1.0 4.7 
Bottom 0.3 1.3 0.3 1.1 
Table 4.7 Regression model parameters and Young's modulus for bovine cartilage IRoth and 
Mow, 19801. 
Tangent modulus, calculated between 3 percent and 5 percent strain, of bovine menisci has 
been shown to vary from 191 to 261 MPa [Atkinson eta!, 1999]. This is comparable to the 
61 to 259 MPa range reported for circumferential specimens of bovine medial meniscus, 
[Procter et a!, 1989], and the 159 to 294 MPa range described for human lateral meniscus 
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specimens [Fithian et a!, 1990]. The modulus in posterior specimens tended to be higher than 
that in the anterior. Tensile strength ranged from 22.9 to 24.6 MPa, whereas ultimate strain 
varied from 10.4 to 12.9 percent. 
Mechanical Properties under Shear 
There is a chronic lack of test information regarding the human meniscus and its properties 
when subjected to shear loads, with the author unable to find published material concerning 
human tissue in the literature. The most comprehensive studies published to date concern the 
testing of bovine meniscus, revealing that bovine meniscal tissue exhibits intrinsic 
viscoelastic properties in shear [Chern et a!, 1990, Zhu et a!, 1994]. Its response to shear 
loading has been found to be dependent upon frequency, shear strain and compression. Shear 
anisotropy and inhomogeneity is evident and dominated by collagen ultrastructure, i.e. 
collagen fibre orientation, with collagen fibre proteoglycan interactions and collagen fibre 
cross-linking important [Anderson eta!, 1990, Zhu eta!, 1994]. The meniscus has been 
found to be 30 percent stiffer when the plane of shear transverses the circumferential bundles 
[Anderson eta!, 1991, Fithian eta!, 1990, Mow eta!, 1992]. The anatomically weaker 
meniscal planes in shear and inhomogeneity, shear strength greatest in the posterior region 
[Anderson eta!, 1991], correspond to the frequently observed clinical patterns of horizontal 
cleavage and longitudinal bucket handle tears. The magnitude of the shear modulus increases 
with frequency and was shown to be greatest in specimens from the posterior surface region 
when the shear was applied parallel to the main fibre orientation. At low strain rates, the 
shear modulus of axial specimens was greater than that of radial and circumferential 
specimens [Chem et a!, 1990], Table 4.8. 
	
Bovine Meniscus Orientation 
	







Radial 	 21.4 
Table 4.8 Equilibrium shear modulus for bovine meniscus orientation IChern eta!, 1990. 
The viscoelasticity of bovine meniscus in response to shear is qualitatively similar to that 
exhibited by articular cartilage, although the magnitudes of the material coefficients are 
significantly different. The equilibrium shear moduli for the three planes of symmetry 
defined by its fibrous architecture are shown in Table 4.8. These shear values are 10 times 
less than those observed for articular cartilage. The low proteoglycan content of the 
meniscus when compared to the AC of the knee probably accounts for the low reported 
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compressive equilibrium modulus of the meniscus, which is about one-tenth the value of that 
reported for articular cartilage [Chem et a!, 1990]. 
The collagen network plays an active mechanical role in contributing to the shear stiffness 
and energy storage in cartilage. The tension in collagen acts to increase the shear stiffness of 
the solid matrix and the energy dissipation in collagen fibrils is minimal when it is stretched. 
This phenomenon is confirmed by the fact that the dynamic shear modulus, IG*I has been 
shown to be directly related to collagen content, for bovine articular cartilage, with the 
dynamic shear modulus increasing as collagen content increases [Mow et a!, 1991]. The 
magnitude of the shear modulus IG*I varies from 0.2 to 2.5 MPa for bovine articular cartilage 
[Whipple eta!, 1984] under infinitesimal strain (<0.001 rads). A change in collagen content 
does not seem to significantly effect the energy dissipation of the material, which for the 
most part stores energy like an elastic material. Interaction of proteoglycans with collagen 
fibrils functions to maintain collagen fibrils in proper spatial orientations, thus providing 
cartilage with its strength and stiffness shear. The magnitude of the dynamic shear modulus 
is significantly greater than the equilibrium shear modulus, as is found with cartilage in 
tension. 
1G1 (MPa) a tana a t (MPa) E (MPa) 
Axial disc 0.067 (0.024) 0.352 (0.044) 0.030 (0.010) 0.068 (0.042) 
Circumferential disc 0.087 (0.023) 0.300 (0.028) 0.039 (0.014) 0.094 (0.038) 
Radial disc 0.061 (0.018) 0.375 (0.058) 0.021 (0.007) 0.043 (0.011) 
Articular cartilage b 0.893 (0.358) 0.191 (0.033) 0.086 (0.033) 0.310 (0.090) 
Table 4.9 Mean (SD) material parameters for bovine medial meniscus lZhu eta!, 19941. 
a The values of G1 and tana at 10 percent compressive strain and 10 rads/sec frequency. 
b  Data from Zhu et at. 1992. 
Under low compressive strains (! ~ lO percent) circumferentially oriented specimens were 
found to be stiffer in shear than radially and axially oriented specimens. When subject to 
high compressive strains (>10 percent), no statistically significant differences were found 
between the circumferentially and axially oriented specimens, Table 4.9 [Zhu eta!, 1994]. 
With increasing compressive strain, the circumferential collagen bundles of the 
circumferential specimens probably slackened and thus became less effective at resisting the 
tensile stresses resulting from shearing. As a result of this, the rate of increase in the shear 
stiffening effect was probably reduced. 
The dynamic viscoelastic shear behaviours of the collagen-proteoglycan solid matrix of 
cartilage and meniscus have also been determined using pure shear experiment [Chem et a!, 
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1990, Fithian eta!, 1990, Mow et al, 1982, Roth eta!, 1982, Skaggs and Mow, 1990, Zhu et 
a!, 1986, Zhu eta!, 1994]. Specimens were subjected to a steady sinusoidal torsional strain 
of small amplitude over a range of frequencies. Bovine meniscus was found to be one-
quarter to one-tenth as stiff in dynamic shear as bovine articular cartilage, [Chem et a!, 1990, 
Zhu eta!, 1994], and anisotropic under dynamic shear, reflecting the organisation of the 
collagen fibres in the material. The material has been found to be 20-33 percent stiffer when 
the plane of shear is perpendicular to the coarse fibre bundles than when it is parallel to them 
[Zhu eta!, 1994]. At low strain rates, the shear modulus of axial specimens is greater than 
that of circumferential and radial specimens [Chem eta!, 1990, Zhu eta!, 1994]. This 
relatively low shear stiffness of the meniscus may be important in the physiological function 
of the tissue. It allows the meniscus to distort its shape more easily and thus conform to the 
anatomical form of the articulating femoral and tibial surfaces. A softening effect of the 
meniscus as a result of increasing shear strain in the range of 0.5-5 percent, has been 
reported [Zhu eta!, 19941. This may be due to the relative sliding motion of the collagen 
fibres and proteoglycans in the matrix of the meniscus. This may be required for 
physiological function of the menisci so that congruence of the menisci with the stiffer 
femoral and tibial surfaces may be achieved with minimal effort. 
Shear modulus has been found to increase with frequency. Increasing the torsional frequency 
has the effect of stiffening the matrix as has been observed in other tissues, such as bone and 
cartilage. At the same time, however, energy dissipation remains relatively constant, 
suggesting that the collagen-proteoglycan matrix is responsible for this effect. At low 
frequencies, viscoelastic solids typically exhibit a shift towards purely elastic behaviour. 
However, this data is still important in describing the fundamental behaviour of meniscal 
tissue [Anderson eta!, 19911. Elastic stiffening can be seen to increase if clamping strain is 
increased in bovine meniscus samples [Fithian eta!, 1990]. Increasing shear strain causes the 
opposite effect, with the elastic stiffness decreasing while the energy dissipation increases. 
This is likely to occur under physiological loading conditions, since it can be seen at the 
lowest shear strains tested (0.5-5 percent). The effect appears to be due to the highly 
orientated ultrastructure of meniscal matrix collagen and the tenuous interactions between 
these fibres and the proteoglycans. The ultrastructure allows the molecules to slide over one 
another as the shapes of the opposing articular cartilage change. This conformability of the 
meniscal matrix maximises joint congruity in all joint positions, without constraining joint 
motion. The ability to change shape offers maximum load carrying efficiency at all joint 
angles, since two of the major functions of the menisci are to bear and distribute load 
[Fithian eta!, 1990]. 
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Strain dependence of the intrinsic viscoelastic properties of the bovine articular cartilage of 
the collagen matrix in shear have been investigated [Spirt et a!, 1989]. The tissue was found 
to exhibit non-linear strain-dependent viscoelastic behaviour, with non-linearity occurring 
primarily in the short time transient during stress relaxation. Equilibrium stress was found to 
fit a quadratic relation with strain. Stress relaxation experiments were performed at shear 
strains ranging from 3 percent to 16 percent and equilibrium stress was found to be linear 
with strain in this range. Instantaneous stress was seen to be highly non-linear and followed a 
cubic relationship with applied shear strain. 
Tests on trabecular bone have shown that accurate measures of uniaxial compressive and 
tensile mechanical properties can be obtained using a uniform cylindrical geometry without 
the potentially damaging attachment of an extensometer or the need for a reduced section 
[Keaveny et a!, 1997, Kopperdahl and Keaveny, 1998]. 
The mechanical response of a cartilage specimen upon a sudden change of angular 
displacement is an instantaneous increase in shear stress followed by a rapid decay until 
equilibrium is reached. This stress-relaxation behaviour is the basic manifestation of the 
viscoelastic behaviour of the solid matrix exhibited in shear. Equilibrium stress-strain 
relationships from this shear stress-relaxation test have been found to be linear for strains up 
to 0.03 rads [Zhu eta!, 1994]. Anderson etal., 1991, investigated the viscoelastic shear 
properties of the equine meniscal fibrocartilage to determine the anisotropy and 
inhomogeneity of this tissue with respect to specimen location and fibre orientation. They 
reported a lower complex shear modulus (0.18 to 0.26 MPa) than that of articular cartilage 
(0.3 to 2.5 MPa) and a higher phase angle at lOOHz(14.4-17.4°)than that reported for 
articular cartilage (10.1°) [Hayes and Bodine, 1978]. The solid matrix was shown to display 
predominately elastic behaviour, like articular cartilage. The magnitude of the men iscal 
complex shear modulus increased over the range of frequencies tested indicative of a strain-
rate sensitive material. The complex shear modulus of the solid matrix was much less rigid, 
when sheared transversely to the direction of the fibres, which implies that collagen 
substantially stiffens the matrix in the direction of the fibres under shear loading conditions. 
Inhomogeneity was found as the magnitude of the shear modulus decreased from the 
posterior to the anterior region of the meniscus. Regional differences in the histological 
appearance of the meniscus were not identified as the source of the inhomogeneity but rather 
differences in biochemical composition. 
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5.0 Knee Joint and Meniscus Failure 
Human knee joints are designed to withstand a lifetime of strenuous activity, but 
unfortunately they are prone to injury. Despite the knee being subjected to many different 
sizes and types of stress, incidence of fractures of the knee is relatively low. Dislocation is 
extremely rare due to the large number of very strong surrounding ligaments and muscles 
[Harries et al, 1994, Nicholas eta!, 1986, Smillie, 1978]. Knee problems result from both 
injuries, such as a blow to the knee or sudden movements that strain the knee beyond its 
normal range of movement and degenerative changes due to wear on parts of the knee, such 
as osteoarthritis or inflammatory disease. The menisci are the targets of numerous forms of 
inflammatory, traumatic, metabolic and degenerative disease because of their central 
anatomical and functional positions within the knee joint. Injury to the knee and subsequent 
joint failure is a common form of human disability. In addition, the meniscus may deteriorate 
with age, often developing degenerative tears. Prolonged overuse of an injured knee will 
increase damage to the meniscus and the knee joint as a whole. 
Meniscal Injury 
Injuries to the knee joint can occur when the menisci fail to follow the movements of the 
femur and tibia. Tears of the knee meniscus are among the most common injuries seen in 
sports medicine. The usual mechanism of injury resulting in a meniscal tear is a rotational 
force applied when the knee is partly or completely flexed. Meniscal tears may be isolated or 
associated with other ligament injuries and may be degenerative in nature with increasing 
age. Transverse tears or anterior detachment of the menisci can occur due to sudden violent 
extension of the knee and tearing can also occur as a result of combined lateral displacement 
and rotation of the tibia with respect to the femur. These types of injury are common in 
sports such as football and rugby. The majority of the meniscus has no blood supply, so 
when damaged it is unable to undergo the normal healing process that occurs in most of the 
rest of the body. 
Typically when the meniscus is damaged, the torn piece begins to move in an abnormal 
fashion inside the joint. Since the space between the bones of the joint is very small, as the 
abnormally mobile piece of men iscal tissue (fragment) moves it may become caught 
between the tibial and femoral condyles. When this happens, the knee becomes painful, 
swollen, difficult to move and may lock - preventing full extension. Tearing of the meniscal 
cartilage destroys the perfect fit that the knee joint requires to be both stable and smooth, 
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since the end of the femur is curved and the top of the tibia relatively flat. The ensuing 
narrowed contact area and excessive motion promotes early arthritic changes. 
Menisci transmit approximately 50-70 percent of the load through the knee, [Seedhom el a!, 
1974, Shrive, 1974] with the remainder transmitted through direct contact with the articular 
cartilage. Damage to menisci and meniscectomy disrupts normal knee mechanics and 
dramatically alters the pattern of static load transmission. The empty space must be filled by 
a tissue that can absorb the tremendous forces, up to ten times body weight, seen by the joint 
surface and be durable enough to tolerate over two million steps taken in a year. Previous 
studies have shown higher peak stresses and greater stress concentrations after total 
meniscectomy [Ahmed and Burke, 1983, Kraus et a!, 1976, Kurosawa et a!, 1980, Newman 
eta!, 1989, Seedhom and Hargreaves, 1979, Voloshin and Wosk, 1983]. This may result in 
progressive articular cartilage degeneration [Allen et a!, 1984, Cox et al, 1975, Fairbank, 
1948, Helfet, 1959]. 
The pathomechanics of meniscal injuries has not received attention and clarification of 
meniscal injury mechanisms is likely to benefit the improvement of treatment procedures 
and preventive measures. These sorts of studies require a rigorous stress analysis of the 
menisci to correlate the internal response with the imposed joint response [Tissakht et a!, 
1995]. Investigations have modelled the meniscus as biphasic (solid and fluid phases), 
[Spilker et a!, 1990, 1991, 1992] or as a composite (fibres embedded in an incompressible 
matrix) [Tissakht eta!, 1991]. These analyses depend critically on knowledge of the 
mechanical properties of the meniscal material. 
Tears of the Meniscus 
There is a variation between the types of meniscal injury of the knee joint, with the lateral 
more prone to complaints of subtle annoying pain caused by degenerative wear, and the 
medial more prone to large tears, typically bucket handle tears. Meniscal tears constitute the 
most important pathologic condition of the tissue [Smillie, 1967]. Tears may occur from 
excessive application of force to a normal meniscus or from normal forces acting on a 
degenerated structure [Egner, 1982]. The type of meniscal tear is dependent upon the 
mechanism of injury. Injury with a loading mechanism (i.e. football) preferentially injures 
the medial meniscus, whilst non- load ing/valgus type of injury (i.e. skiing) lead 
predominately to lateral tears [Burr, 1982]. Palmer, 1938, has proposed that the lateral 
meniscus is injured acutely more frequently because its greater degree of anatomical 
mobility makes it susceptible to a combination of unusual compressive and shear forces 
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during a twist injury to the knee. Tears of the medial meniscus occur 10 times more 
frequently than do lateral meniscal tears, since the medial meniscus is less mobile with more 
peripheral attachments [Ahmed, 1992, Arnoczky et a!, 1987, DeHaven, 1992, DiCarlo, 1992, 
Hough and Webber, 1990, Mathur eta!, 1949, Muller, 1982, Noble and Hamblen, 1975]. 
The medial meniscus can become trapped between the femur and tibia, pulling it towards the 
centre and tearing it. The lateral meniscus is more mobile with less peripheral attachment 
and commonly tears when the knee suddenly extends, thus placing a sudden distraction force 
on the meniscus. If the tear is small then the meniscus stays connected to the front and back 
of the knee. If the tear is large then the meniscus may be left hanging by a thread of cartilage. 
The seriousness of a tear depends upon its location and extent. The most common area for 
meniscal tears is the medial posterior. 
Meniscal tears are classified according to the following criteria: 
Nature: 	Acute, Chronic, or Degenerative; 
Location: Medial or Lateral, Anterior or Posterior; and 
Orientation: 	Horizontal, Radial, Bucket-Handle, or Longitudinal. 
Tears resulting from excessive force acting on a normal meniscus are usually vertical tears, 
that may propagate in a longitudinal or transverse direction [Hough and Webber, 1990]. 
Vertical longitudinal tears frequently involve the thin edge of the meniscus. Vertical 
transverse tears are less common than longitudinal ones and characteristically involve the 
middle one-third of the lateral meniscus [Arnoczky et al, 1987]. Table 5.10 displays the 
common meniscal tears and their frequency of occurrence within the knee joint and Figure 
5.12 shows their position within the meniscus. 
Frequency of Occurrence 
	
Tear and Location 	Medial 	 Lateral 
Posterior, longitudinal 	3% 	 <1% 
Complete, longitudinal 	22% 	 2% 
Bucket-handle 	20% 	 1% 
Horizontal, Posterior, Closed/internal 	 - 	 - 
Horizontal, posterior 	50% 	 2% 
Table 5.10 Common meniscus tears and their frequency of occurrence. ISmillie, 19781. 
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Figure 5.12 Diagrammatic representation of common meniscus tears. 
Figure 5.13 shows images of a normal and a torn meniscus, viewed at arthroscopic surgery. 
A probe is shown in A, unable to displace an intact men iscus. In B. the jagged edge of the 
flap meniscal tear can clearly be seen. Image C shows a torn medial meniscus with a 
fragment located at the peripheral of the joint and D shows a torn meniscal fragment 




.medic a photo cc: 
Figure 5.13 Arthroscopy reveals a normal (A) and torn (B) menisci, (C) torn medial meniscus 
with peripheral fragment and (D) dislocated torn fragment. 
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Although the menisci function under compression in the knee, the circumferential (or hoop) 
tensile stress that develops in the tissue under load is the essential mechanical property of the 
meniscus and probably dominates both their local function and failure [Fithian et a!, 1990, 
Krause eta!, 1976]. Failure in compression can lead to the most commonly observed injuries 
sustained in the meniscus [Aspden, 1985]. Where there is transverse (radial) tearing or 
inflammatory destruction, it appears that a loss in the capacity of the circumferential fibre 
bundles to resist tensile and shear stresses, combined with failure of the menisci to perform 
their normal functions of load transmission, shock absorption and lubrication satisfactorily, 
may expose the adjoining articular cartilage to physical insults that precipitate OA. Spencer 
Jones eta!, 1996, found significantly different hoop strains produced in different sections of 
the medial meniscus under load and that meniscal tears disturb the patterns of strain 
distribution, indicating a redistribution of load transmission. 
Bucket-Handle Tears 
A cascade of injurious processes culminates in meniscal failure where there is 
circumferential or bucket-handle tearing. A bucket-handle tear of a meniscus is a 
longitudinal tear with an attached fragment displaced away from the meniscus. When a large 
piece of the meniscus tears from the capsule, it can flip over within the joint creating a so-
called "bucket-handle tear": attached at two ends, with the middle flipped up towards the 
centre. The movable flap of meniscus can block motion and is one of the rare causes of a 
truly 'locked' knee. Longitudinal tears are caused by radial tensile strains and models show 
that the generation of these is strongly shape dependent, being greatest for the flattest wedge-
shaped cross-section, again suggesting that the posterior segment of the medial meniscus is 
most vulnerable. Any motion that results in the medial femoral condyle being impulsively 
compressed towards the tibial plateau and hence, trapping the relatively immobile medial 
meniscus will cause damage. Rotation of the femur on the tibia whilst the tibia is fixed, 
provided it is accompanied with a compression, may cause tearing. 
Horizontal Tears 
A shearing motion between the upper and lower portions of the meniscus may cause 
horizontal tears. The flatter shape of the medial meniscus causes the loading upon it to be 
higher than on other parts of the meniscus, thus leading to higher strains. Repeated loading 
and unloading may lead to fatigue along the boundary between the different strain regions 
and an internal tear, leading to a tear fully through the meniscus, possibly accelerated by an 
impact. 
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Degenerative Tears 
Menisci degenerate with age and are particularly prone to both mechanical injury and 
degenerative tears. With increasing age, the meniscus becomes hard, less flexible, more 
brittle and can develop cracks in it, like the cracks that develop in old rubber. These cracks in 
older cartilage are called degenerative meniscal tears. Since the tissue is no longer as strong 
or resilient, less force is needed to tear the meniscus. These degenerative tears can occur with 
or without an injury and are more common in individuals over 40 years of age [Hough and 
Webber, 1990]. 
Degenerative tears are horizontal cleavage lesions that usually occupy the posterior one-half 
of the menisci [Smillie, 1967]. Degenerative tears are frequently associated with 
degenerative joint disease (OA) of the patellofemoral or femorotibial joints [1-lough and 
Webber, 1990]. Changes in the tissue similar to those found in articular cartilage are usually 
present, including fibrillation. Studies on degenerated meniscal tissue has suggested that it 
contains a higher water content than that of normal, age-matched controls and a decrease in 
collagen concentration [McDevitt el a!, 1990]. Degenerative tears are frequently associated 
with OA of the knee [Noble and Hamblen, 1983], but the relationship between the two is 
uncertain [Hough and Webber, 19901. 
Instability 
There exists an important dual pathology of medial meniscus tear and anterior cruciate 
ligament rupture [Berjon eta!, 1990] and there is a high incidence of meniscal tears with the 
acutely injured ACL. Only 20 percent of meniscal tears occur without some form of ligament 
damage. Loss of the protective stabilising meniscus leads to increased joint laxity or 
abnormal motions that lead to joint instability. The excessive motion and narrowed contact 
area promotes early degenerative changes. With continued instability, further meniscal 
damage may occur, leading to an increased number of meniscal tears with more complex 
configurations. A predominance of lateral meniscal tears has been demonstrated with acute 
ACL rupture/injury [Cooper et a!, 1990, Fowler et a!, 1987, Shelbourne et a!, 1991]. The 
incidence of medial meniscal tears increases significantly with chronic ACL insufficiency, 
indicating continued injury to the medial meniscus over time due to knee instability. The 
cause of meniscal injury in the unstable knee is less related to extrinsic factors and more 
dependant upon consistent functional deficits intrinsic to the joint. The medial meniscus 
becomes preferentially injured in the chronically unstable knee. Anteroposterior translation 
is restricted by its attachment to the tibial surface and the collateral ligament, but in the 
ACL-deficient knee, the tibial translation becomes sufficient to allow the posterior horn to 
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act as a buttress by wedging against the posterior aspect of the medial femoral condyle. This 
results in loss of function as a secondary restraint to anterior tibial translation [Palmer, 1938, 
Jensen eta!, 1994]. Medial meniscal injury leads to more rapid degeneration than in the 
stable meniscectomised knee [Finsterbush eta!, 1990, Johnson eta!, 1974, Lipscomb, 1986, 
Lynch el a!, 1983, Neyret eta!, 1993, Noyes ci a!, 1983, Sherman et a!, 1988, Sherman ci a!, 
1991, Sommerlath, 1989]. Since the lateral meniscus is not tightly attached to the tibial 
plateau and is able to translate more freely in the anterior-posterior plane, it does not play a 
significant stabilising role and is not subject to recurrent shear [Levy eta!, 1989]. This may 
explain the lower incidence of lateral meniscal tears in the chronically ACL deficient knee. 
Treatments 
In recent years, there has been a distinct trend toward a selective approach to the treatment of 
meniscus lesions. Partial meniscectomy, meniscus repair and leaving certain tears alone have 
become alternatives to routine total men iscectomy. Before the 1970s, the accepted treatment 
for meniscal injury was complete removal of the structure, total meniscectomy, which was 
considered to be a vestigious organ. However, it is now clear that the menisci perform 
important biomechanical roles in the function of the normal knee. Many studies have 
emphasised the importance of the menisci in preventing the development of early knee 
arthrosis, [Allen et a!, 1984, Arnoczky et a!, 1984, Arnold et a!, 1979, Bach et a!, 1988, 
Baraz eta!, 1986, Bolano eta!, 1993, Bourne eta!, 1984, Burr, 1982, Casscells, 1978, 
Cooper et a!, 1990, Cox et a!, 1975, 1997, Dandy et a!, 1975, Fairbank, 1948, Finsterbush ci 
a!, 1990, Huckell, 1965, Lagergren, 1953, Lynch et a!, 1983, McGinty ci a!, 1977, O'Brien, 
1983, Satku et a!, 1986, Sherman eta!, 1988, Smillie, 1978], following work on 
understanding of the role of the meniscus in load transmission [Annandale, 1885, Baratz et 
a!, 1986, Bourne et a!, 1984, Burr et a!, 1982, Kettlekamp et a!, 1972, Krause et a!, 1976, 
Kurosawa et a!, 1984, Raclin et a!, 1984, Seedhom, 1979 (*2),  Shrive et a!, 1978, Walker ci 
a!, 1979], knee stability [Butler et a!, 1980, Butler et a!, 1980, Hsieh et a!, 1976, Kurosawa 
ci a!, 1980, Levy et a!, 1982, Smillie, 1978, Walker et a!, 1979] and the poor results found 
following complete men iscectomy. The development of OA in the human knee after 
meniscal injury and subsequent surgery is well documented [Dandy and Jackson, 1975, 
Gear, 1967, Hucknall, 1965, Jackson, 1967, Johnson eta!, 1974]. Coupled with an increasing 
awareness of the consequences of meniscectomy [Ahmed and Burke, 1983, Bourne eta!, 
1984, Cox ci a!, 1975, Fairbank, 1948, Huchell, 1965, Johnson ci a!, 1974, Jones ci a!, 1978, 
Kurosawa eta!, 1980, Moskowitz eta!, 1973, Tapper and Hoover, 1969], this has lead to a 
more conservative therapeutic approach to meniscus lesions and surgery [McGinty ci al, 
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1977, Northmore-Ball eta! 1983]. The basic principle is to preserve as much functional 
meniscus tissue as possible while addressing the clinical symptoms caused by meniscal tears. 
The most effective way to deal with a men iscal injury is through arthroscopy, which is not 
only the most accurate way of diagnosing the meniscal injury, but also permits the surgeon 
to deal with the meniscal tear at the same time. Before the advent of arthroscopy, open repair 
was common place and this had its advantages in anatomical repair without risk of injury to 
neurovascular structures. However, arthroscopic repair allows good visualisation of the 
lesion and a short operative time. 
When the meniscus is damaged (tears or detachments) or removed in part or whole, the 
normal biomechanical, biochemical and physiologic processes of the knee joint are altered 
[Lanzer eta!, 1990]. Considerable clinical evidence indicates that removal or damage to the 
meniscus can have detrimental effects upon the knee joint. A number of investigators have 
confirmed degenerative changes within the knee, including the on-set of OA—like changes 
and Fairbanks observations in the post-meniscectomy knee joint [Fithian et a!, 1990, 
Moskowitz et a!, 1973, Rangger et a!, 1997]. Meniscus removal, in whole or in part, impairs 
the load-bearing function of the knee, transmission of loads, adversely affects lubrication and 
movement [McDevitt et a!, 1990] and significantly alters the pattern of strain distribution in 
the proximal tibia [Fithian eta!, 1990]. In the meniscectomised knee the contact area is 
reduced by approximately 50 percent, shock absorbing capacity is reduced by 20 percent and 
an increase in intraarticular pressures has been demonstrated [Ahmed et a!, 1983, Brown ci 
a!, 1984, Fukubayashi eta!, 1980]. This significantly increases the load per unit area and 
results in articular cartilage damage and degeneration. Articular cartilage may be exposed to 
physical insults, with the tibial articular cartilage more vulnerable than femoral articular 
cartilage, due to the normal distribution of static and dynamic loads. Radiological evidence 
of knee degeneration following meniscectomy has been obtained and the nature of this 
change has been clarified through arthroscopy and defined in animal studies [Moskowitz et 
a!, 1973]. Gillquist eta!, 1989, found evidence using the arthroscope of articular fibrillation 
in humans after both partial and total meniscectomy. King, 1939, and Cox eta!, 1974, 1997, 
have shown the severity of changes in the post-meniscectomy knee joint is related to the 
amount of meniscal tissue removed [Hoch eta!, 1983, Moskowitz eta!, 1973, 1979, Shapiro 
and Glimcher, 1980]. 
Partial meniscectomy is a technique to excise the mobile/damaged meniscal fragment, 
leaving behind a residual meniscus rim that is intact, stable and reasonably well contoured, 
Figure 5.14, first introduced as an alternative treatment to total men iscectomy 20 years ago 
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[Gillquist eta!, 1982, Hamberg eta!, 1983]. It reliably treats the acute symptoms of the tear, 
[Matsusue eta!, 1996] and excellent immediate results are the norm [DeHaven 1990. 
Morgan 1991, Warren 1990]. Though partial meniscectomy appears to result in less 
morbidity than total meniscectomy, irrespective of the subsequent development of arthritis, 
partial or total meniscectomy may not provide excellent knee function in all patients, 
especially if there is extensive articular damage [Cannon 1992. Eggle 1995, Hening 1990]. 
Consecutive series of partial meniscectomy cases report a satisfactory outcome in 58 percent 
to 92 percent of cases but only one in three patients described their knee as subjectively 
normal following this procedure. 
Figure 5.14 Arthroscopic view of a meniscus following partial meniscectorny, with suction 
arthroscope seen on right. 
Degenerative osteoarthritis is more frequent and severe after total meniscectomy than after 
partial men iscectomy. however degenerative changes are still noted after partial 
meniscectorny [King. 1995]. The severity of degenerative changes is directly related to the 
amount of nieniscal tissue removed [Baratz ci al, 1986]. Partial meniscectomy has been 
shown to significantly increase contact pressures within the joint. In an experimental study, 
resection of as little as 15-30 percent of the meniscus increased contact pressures by over 35 
percent, whilst stress increases have been noted following removal of as little as less than 10 
percent of the meniscus [Baratz eta!, 19861. The lesser the resection of meniscal tissue 
(whilst removing all unstable parts). the better the mechanical situation of the joint following 
partial meniscectomy. However, total meniscectomy is still required in cases where there has 
been complete loss of the load distribution function of the meniscus following transection 
through the whole of the periphery of the meniscus or its horn attachments. This may be 
required despite the fact that most of the men iscal body remains intact. Without surgical 
intervention, men iscal lesions on their own can cause degenerative changes within the knee 
[Fithian eta!, 1990]. 
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The contribution of meniscal disorder to the origins and perpetuation of OA is not well 
understood. Although it is clear that meniscectomy produces much more wear and tear 
arthritis. However, the etiology of the degenerative changes is most likely more complex 
than simple wear and tear arthritis [Lanzer et a!, 1990]. Following partial or total 
meniscectomy, AC has increased hydration and the main structural fibres of the AC, 
composed of type II collagen, may be exposed to increased biomechanical forces, possible 
overloading and subsequent degeneration [Fithian eta!, 1990, Lanzer eta!, 1990]. In 
inflammatory diseases, such as rheumatoid arthritis, menisci are destroyed directly by 
vascular invasion and proteolytic degradation. 
It is imperative to preserve as much of the meniscus within the knee joint as much as 
possible to prevent the overloading of the articular cartilage and subsequent joint 
degeneration. Whilst preserving some of the meniscus through partial meniscectomy is 
preferable to total meniscectomy [Cargill and Jackson, 1976, Jackson and Dandy, 1976, 
McGinty eta!, 1977, Metcalf et a!, 1983, Northmore-Ball eta!, 1983, Tapper and Hoover, 
1969] preserving all of it is better. Meniscal repair reduces the incidence of degeneration as 
opposed to either partial or total meniscectomy [Lynch et a!, 1983]. 
Meniscal Repair 
The majority of the meniscus has no blood supply, so when damaged, is unable to undergo 
the normal healing process that occurs in most of the rest of the body. Usually, this situation 
requires that the torn piece be removed. The knowledge that we have today about the 
biomechanical importance of the menisci of the knee joint makes it imperative, wherever 
possible, to treat their injuries by means of meniscus conserving measures and preserve as 
much functional meniscus tissue as possible while addressing the clinical symptoms caused 
by meniscus tears. Ideally, meniscal repair should result in the healing of'the tear and 
reestablishment of normal meniscal function. Advances in our understanding of meniscal 
function and consequences of meniscectomy, such as early arthritic change, have spawned 
advancements in surgery and repair of damaged menisci is now common place, using 
techniques including arthroscopic suture repair. These techniques yield success rates 
approaching 90 percent in properly selected patients [Burns eta!, 1997]. The decision to 
repair is based on a clinical evaluation, associated lesions and on the exact type, location and 
extent of the tear [DeHaven, 1990]. Preservation of maximal amounts of meniscal tissue is 
the goal of treatment of meniscal injury and great efforts are now applied toward saving as 
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much as possible of a torn meniscus and wherever possible repairing the torn menisci with 
sutures. 
Little attention was afforded to Annandales' first reported technique for meniscal repair in 
1 885 [Annandale, 1885] and meniscal repair has only been widely performed in the past 15 
years. In this surgery, the torn edges of the menisci are sutured to preserve the form and 
function of the cartilage. Meniscal repair may prevent Fairbank's changes [Van Trommel et 
a!, 1998]. In one ten-year study of 50 arthroscopically repaired meniscus tears, only 8 
percent of surgically treated knees had minimal joint changes, as compared with 3 percent in 
the uninjured knee. This finding represents a dramatic improvement over that noted by 
Fairbank and suggests that the repaired cartilage can prevent degenerative changes. Current 
concepts are based on experience with open repair of peripheral tears (performed since 1967) 
and the development of arthroscopic techniques, which permit repair of non-peripheral as 
well as peripheral lesions. Traumatic tears along the peripheral aspect of the tissue, the 
men isco-capsularjunction, have healing rates of approximately 90 percent using both open 
and arthroscopic repair techniques [Cassidy and Shaffer, 1981, DeHaven, 1981, DeHaven et 
a!, 1985, Del-laven eta!, 1989, DeHaven and Arnoczky, 1994, Dolan and Bhasker, 1983, 
Hamberg et a!, 1983, Perdue Jr et a!, 1996, Rosenberg et a!, 1986, Scott et a!, 1986], with 
intermediate follow-up studies documenting survival rates of 70-89 percent [DeHaven, et a!, 
1989, Gillquist and Summerleath, 1989] and once healed, the tear remaining as stable as an 
initially intact meniscus [Sommerlath, 1988, Sommerlath and Hamberg, 1989]. The vascular 
supply to this region (peripheral 10-30 percent of adult meniscus [Arnoczky eta!, 1988, 
Scapinelli, 1968]) is adequate to permit healing, provided the tear is repaired in a stable 
manner. One study also reported roentgenographic evidence of biomechanical function of 
clinically successful repairs [DeHaven eta!, 1989]. In a seven year perspective, this type of 
operation has resulted in a lesser frequency of radiograpic knee joint changes pointing to the 
onset of OA than partial meniscectomy [Sommerlath, 1995]. However, other studies have 
shown long-term OA change despite an apparent successful repair. The initial trauma to the 
knee joint surfaces or the repaired meniscus having reduced mechanical function may have 
given rise to these changes. If the tear is in the inner zone, with less blood supply, the 
likelihood of a repair healing is diminished but not eliminated. Basic studies have 
demonstrated clearly that the meniscal fibrochondrocytes possess intrinsic repair capability 
and new techniques employed to provide stable repairs and increased nutrition to the tissue 
have provided a high healing rate. Insight into the functional role of the menisci has 
stimulated investigators to repair meniscal tears even in these regions of poor vascularity. 
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Both in vitro cell culture studies and in vivo animal models have provided the basic scientific 
foundation for the use of fibrin clot in tears in the avascular region [Arnoczky ci a!, 1988, 
Arnoczky and Warren, 1983, Gershuni eta!, 1989. Webber eta!, 1989. Zhang eta!, 19951. 
Insertion of fibrin-clots into the tear and connecting the lesion to peripheral vasculature 
through trephination has enhanced the development of blood supply to tears in the central 
and inner periphery and allowed further expansion of the proportion of meniscal tears that 
are potentially reparable. Tears in the central, avascular zone of the meniscus, formerly 
thought to be irreparable, may now undergo repair, with combined vascularisation, with an 
enhanced opportunity for healing [Rodeo and Warren, 1996]. though healing frequency is 
clinically lower than repair after peripherally located tears [Hamberg ci al, 1983, Henning ci 
a!, 19901. It is unknown whether repair of these tears re-establishes anything like normal 
meniscus function. Indeed the effect of healed tears, methods of repair on joint mechanics 
and cartilage has not been investigated. The age of the patient is an important consideration 
since vascular penetration has been shown to be greater in skeletally immature individuals 
[Clark and Ogden, 1983, Shim and Leung, 1986] 
Arthroscopic surgery places horizontal sutures or arrows within the meniscus, Figure 5.15. 
Sutures passed through the meniscus could create regional alterations in the configuration or 
compressibility of the meniscus. This is a particular concern following arthroscopic repair. 
where the meniscus will at times pucker at the repair site and ruffle along the central edge. 
Sutures passed through the capsule, using either repair, may tether the meniscus and 
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Figure 5.15 Meniscal repair with sutures in place. 
The most commonly used techniques of meniscal repair are the outside-in and the inside-out. 
The inside-out technique requires a larger incision and carries the risk of neurovascular 
complications, but allows for more consistent suture placement perpendicular to the tear. The 
outside-in technique reduces the risk of neurovascular complications and has been shown to 
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be efficacious for tears of the anterior or middle third of the meniscus. The technique does 
not require a large incision or specialised instruments. The outside-in technique uses non-
optimal placement of sutures in the posterior area with a small incision. Two 18-gauge spinal 
needles are passed across the tear from the outside in a horizontal fashion into the joint. They 
skewer the rim of the fragment and then a suture is placed through each spinal needle across 
the meniscus tear and exits at the anterior portal, where the knots are tied. The knots are 
successively brought through the men iscal tissue and the free ends of the sutures are tied 
together subcutaneously. Different regional healing rates with the outside-in technique for 
meniscal repair have been shown, with the posterior third not healing as well as the middle 
regions. The lateral meniscus is subject to different forces than the medial, which may 
explain why the lateral appears to heal better. 
For the middle and anterior portions of the medial meniscus, as well as for lateral meniscus 
tears, the outside-in technique is the current method of choice [van Trommel eta!, 1998]. 
For posterior medial meniscus tears, the inside-out technique can be considered as an 
alternative, bearing in mind the increased risk for neurovascular trauma. 
Repairs in the Unstable Knee 
Continued damage due to persistent ACL insufficiency appears to render meniscal tears 
more complex and therefore, less amenable to repair on both the lateral and medial sides. 
Tear configuration is more frequently repairable medially and the potential for repair 
decreases with chronic instability. 71 percent of medial meniscus tears associated with acute 
ACL rupture are repairable, compared with 40 percent of lateral [Cannon el a!, 1992]. 54 
percent of medial meniscus tears associated with chronic ACL insufficiency are repairable, 
compared with 26 percent of lateral [DeHaven et a!, 1989]. The increased shear stress that 
the repaired meniscus is subject to in the non reconstructed knee leads to a higher incidence 
of re-tear. Repairs fare better when performed in conjunction with ACL repair/reconstruction 
than when performed alone in stable knees having isolated meniscus tears. It is thought that 
the intra-articular bleeding caused by drilling tunnels for ligament reconstruction provides 
the biological factors that can stimulate healing. Knee stability has been shown to increase 
the likelihood of a successful meniscal repair and to prevent further men iscal damage. 
Success of men iscal repairs in the simultaneously ACL reconstructed knee is 92 percent, 
unreconstructed is 63 percent and no ACL injury 71 percent [Berjon et a!, 1992]. 89 percent 
of medial menisci repairs in ACL reconstructed/repaired knees are successful, compared 
with 95 percent of the lateral [Cannon et a!, 1990]. 
Robert Moran 	 59 
5.0 Knee Joint and Meniscus Failure 
Lateral meniscus repairs have been shown to be more likely to heal than medial meniscus 
repairs and appears to also be the case when the repair is performed in conjunction with ACL 
reconstruction/repair. Higher failure rates on the medial side may also be related to the 
higher shear forces to which the posterior horn is subjected even after cruciate 
reconstruction. The incidence of rerupture of repaired menisci has been shown to be greater 
in unstable knees [DeHaven, et al, 1989]. 
There are many factors that must be considered before a meniscal repair is attempted and 
these include: patient's age, health, lifestyle, physical demands on the patient, location, type, 
length of tear, width of the remaining uninjured tissue, and associated intra-articular 
pathology, e.g. presence or absence of ligamentous instability. Since all these factors must be 
considered and coupled with the poor blood supply of the meniscus, the majority of tears are 
not suitable for repair. Small, simple longitudinal tears usually have a high rate of healing 
and are best to repair. Any chronic, degenerative or complex tears have a small chance for 
healing and are best treated with removal of the damaged portion of the meniscus. 
Although rarely evaluated, the method and degree of fixation can effect the success of 
healing. The meniscus must stay reduced whilst neurovascularity develops, and so stable 
fixation is critical to a successful repair. The type of suture used, absorbable or permanent, 
may also affect the success of the repair. However, this fact has not been analysed. 
Biodegradable implants have been fashioned for meniscal fixation to simplify the technique 
and minimise neurovascular complications. 
Repair of the tear does not mean that healing will always occur. The mechanical properties 
of the repaired meniscus may affect the ability of the meniscus to heal and may influence its 
capacity to protect the articular cartilage against degenerative changes. If healing does not 
occur, the arthroscopic procedure will need to be repeated. Recovery from meniscal repair is 
longer as larger incisions have to be made than would be normal for meniscectomy. With 
increasing age, the likelihood of a degenerative tear increases and the probability of a 
repairable tear significantly decreases. The quality of the meniscal tissue deteriorates thereby 
decreasing the success rate of meniscal repairs. 
Meniscus tear requiring surgical treatment that are not suitable for meniscus repair because 
of the degree of damage to the meniscus (including degenerative tears) or because of being 
located in the avascular zone of the meniscus should be treated by partial meniscectomy. 
Total meniscectomy is reserved for tears for which any other option is unsuitable. 
Cascells, 1980 was among the first to emphasise that not all meniscal tears cause clinical 
symptoms. Laboratory studies have demonstrated that torn menisci can function 
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biomechanically if the peripheral circumferential fibres remain intact [Bourne et a!, 1984, 
Hargreaves and Seedhom, 1979]. If the tear is small and peripheral, it may heal without 
intervention [Hede et a!, Weiss et a!, 1989] with no artificial prompting to heal and no 
evidence of degenerative change at follow-up arthroscopy [Weiss et a!, 1989]. The risk of 
neglecting a tear is that a second, perhaps trivial injury may lengthen the original tear. 
Meniscal repair reduces the incidence of degeneration as opposed to either partial or total 
meniscectomy. Although partial and total meniscectomy must be performed on occasions, 
meniscal repair has become the treatment of choice to preserve both the meniscus and the 
subsequent well being of the joint. Since acute, traumatic tears of the meniscus usually occur 
in the young active individuals, the need to preserve the meniscus and thus minimise these 
degenerative changes is of paramount importance. 
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Arthritis 
Premature joint degeneration may arise from deficiencies in joint biomaterial properties, 
excessive loading conditions, failure of normal repair processes, or any combination, but the 
explicit degenerative processes are not yet completely understood. However, when arthritis 
intervenes, joints within the human body may lose mobility and their ability to properly 
cushion the body from the stresses applied to it. This condition may lead to extreme pain and 
discomfort that may dramatically erode quality of life. Primary or secondary osteoarthritis, to 
a lesser extent rheumatoid arthritis (inflammation of the synovial membrane) and 
chondromalacia (softening of cartilage) are, apart from ageing of articular cartilage, the most 
common degenerative processes affecting synovial joints [Schumacher, 1988]. 
Arthritis is nothing new to the human condition. Archaeologists have discovered evidence of 
the disease in the joints of human beings who lived millions of years ago. Its hallmark 
symptoms include pain, stiffness and sometimes swelling. It is often debilitating and at its 
worst can be mentally and physically crippling. It takes more than 100 forms and affects one 
person in seventy. Arthritis not only affects joints, but may also affect supporting structures 
such as muscles, tendons, and ligaments. 
Although there are many types of arthritis recognised, the most common forms are: 
1. Osteoarthritis. The 'wear and tear' version of arthritis, osteoarthritis may result from a 
lifetime accumulation of overuse, an injury or a genetic predisposition. 
Rheumatoid arthritis. The body's' immune system turns on itself and causes 
inflammation in the joint lining. 
Traumatic arthritis. Arthritis can result from injury. Injury or overuse also causes 
bursitis and tendinitis. 
Fibromyalgia. A disorder characterised by muscle pain, stiffness and easy fatigability. 
The cause is unknown and an estimated 3 million are affected in the USA. 
Gout. Recurrent acute arthritis of peripheral joints caused by the accumulation of 
monosodium urate crystals. Often presents as pain and swelling confined to one joint. 
The big toe joint is commonly affected. 
Arthritis is the single biggest cause of physical disability in the UK affecting 8 million 
people including nearly 15,000 children and more than 700,000 people in Scotland [EULAR 
'99, Professor Sturrock]. It has been estimated that I in 4 visits to a GP concerns one of 
nearly 200 types of arthritis rheumatism. Even among the active middle-aged population, 
knee arthritis is a common condition that can greatly decrease quality of life. In the future, 
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more people of all ages will suffer other musculoskeletal disorders through joint disease or 
because of accidents as the population grows and we live longer. 
Osteoarthritis (OA) 
Osteoarthritis (OA) is one of the most common articular disorders and the most commonly 
diagnosed types of arthritis, a degenerative disease where cartilage in the joint gradually 
wears away. It has traditionally been viewed as an age-related disease, since it is uncommon 
in persons under the age of 40 years, yet according to the Royal Academy of Engineering 
(4/00) accounts for half of all chronic conditions in people aged over 65 years and affects 
over two-thirds of the over 65 population of the United States [AAOS, 1997]. Women are 
affected more often than men, and an estimated 25 percent to 30 percent of people between 
45 and 64 and 60 percent of people older than 65 have radiographically detectable OA 
[Buckwalter and Lane, 1996]. 
However, it is not a symptom ofjust getting old'; it is a degenerative disease of the joints 
that is not part of the normal ageing process. Indeed some patients with osteoarthritis present 
symptoms in their early 20s or 30s. Athletes, dancers and heavy labourers are particularly 
susceptible due to the excessive strain on their joints. Most commonly OA affects the hips, 
knees, spine, toes and fingers. The knee ranks third behind the spine and the hip in order of 
frequency of OA occurrence. OA is exceedingly rare in certain joints, such as the shoulders, 
elbows and metacarpal-phalangeal joints of the fingers, unless it is secondary to trauma or 
some inflammation process. 
The precise etiology is unknown. Generic and environmental factors play an important role 
in the pathogenesis of OA. The disease involves complexly interwoven biological and 
mechanical factors. OA has long been regarded as wear and tear phenomenon. Such an 
association suggests that mechanical fatigue must somehow be involved in the process. 
Research has provided data to support the fact that cartilage is susceptible to fatigue, but as 
yet this has not established the exact tissue failure mechanism [Weightman et al, 1973, 
Weightman, 1976, Kempson, 1982]. 
Osteoarthritis causes permanent breakdown of the cartilage that cushions the joints from 
impact and allows joints to create smooth gliding motions. The deterioration ofjoint 
structure occurs in several phases. Damage may occur slowly over a person's lifetime or be 
exacerbated in younger people through extensive overuse or injury. Acute episodes of 
trauma or mechanical overload lead to 'wear and tear' of the articular surfaces and contribute 
to the origins and perpetuation of OA. Damaged cartilage is unable to replenish or repair 
itself, and it becomes frayed, less flexible and more prone to injury or damage. Over time, 
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the cartilage can wear away completely, causing the bones of the joint to rub directly against 
each other. Eventually the joint becomes misshapen, with bone spurs and fluid-filled cysts 
forming. Tiny shards of bone and cartilage float loosely in the joint space, and at this stage 
the pain can be severe. 
Certain risk factors can increase the chances of osteoarthritis developing: 
Heredity. There is good evidence that links faulty genes - the ones that direct the way 
joints move or fit together - to a tendency to develop osteoarthritis. In addition, the genes 
responsible for healthy cartilage may also be at fault. 
Obesity. Research has shown that being overweight may be one of the greatest risk 
factors for developing osteoarthritis. However, reducing weight can decrease the chances 
by up to 20 percent. 
Injury or overuse. People in certain occupations develop OA more often, especially in 
the knees, hip and back, e.g. participation in competitive sports. Research has found that 
49 percent of current and former English footballers have OA [Hawkins and Fuller, 
1998]. The average age of onset was 40 years whilst, in the general population, less than 
10 percent of man aged 35-44 develop the disease [Hawkins and Fuller, 1998]. 
Surgical meniscectomy. 
Knee arthritis is a common musculoskeletal affliction, and its most prevalent form is primary 
osteoarthritis [Felson, 1990, Morrey, 1996, Slemenda, 1992]. The knee is routinely subjected 
to very high forces, even during normal activities such as walking, and is highly susceptible 
to overuse injury. The menisci and meniscal disorders are thought to be of particular 
significance in the onset of OA [Fithian eta!, 1990], but the exact nature of their 
contribution to the origins and perpetuation of OA is not well understood, the pathogenesis 
of cartilage damage and OA following joint injury is uncertain. Experimental animal models 
of OA have shown that removal of the meniscus will lead to OA-like changes [Fithian eta!, 
1990]. Knee OA is a chronic condition that commonly takes many years to progress 
significantly. Most patients can be treated non-operatively for a significant length of time. 
Following part or complete removal of the meniscus and the subsequent changes to their 
biomechanical, biochemical and physiologic processes of the knee joint, OA may be 
accelerated, since the AC fails to maintain its mechanical integrity as a result of 
meniscectomy. 
Although degenerative tears are frequently associated with OA of the knee [Noble and 
Hamblen, 1983], the direct relationship between the two is uncertain. However, where 
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degenerative tears occur and there is subsequent change to the fibrocartilage, for example 
fibrillation, similar changes can be found in the articular cartilage and it is this loss of 
function to the articulating surfaces and/or subsequent meniscectomy that contributes 
significantly to the onset of OA. Fibrillation occurs when the surface of cartilage degenerates 
such that fissures appear, extending down into the middle and deep zones. 
Few prospective studies have been published which describe the outcome of meniscus or 
cruciate ligament injuries with regard to OA development [Jorgensen eta!, 1987]. Most 
studies have been retrospective, cross-sectional and on limited numbers of patients [Allen et 
a!, 1984, Funk, 1983, Johnson eta!, 1974, Kannus and Jarvinen, 1988, McGinty eta!, 1977, 
Neyret eta!, 1993, Noyes eta!, 1983, McDaniel and Dameron, 1983, Sherman eta!, 1988]. 
Appel studied 440 patients 4-43 years after total men iscectomy and found degenerative 
changes in 36 percent at follow-up [Appel, 1970]. In other reports, patients with men iscal 
injury have been retrospectively studied for 5-20 years after meniscectomy and radiologic 
changes consistent with posttraumatic OA found in 20-60 percent of the cases [Allen et al, 
1984, Fairbank, 1948, Johnson et a!, 1974, Jorgenson et a!, 1987, McGinty et a!, 1977, 
Neyret et al, 1993]. Knee OA becomes increasingly severe with increased time between joint 
injury and examination and OA changes appear sooner in older patients who sustain a knee 
injury than in the young [Roos eta!, 1995]. Patients with a tear of the cruciate ligament, 
isolated or combined, show radiologic signs of OA at a younger age than patients with a 
meniscal tear only [Roos eta!, 1995]. Roos etal., 1995, found that for patients (N=1012) 
who sustained an isolated meniscus injury between the ages of 17 and 30, that the average 
time until development of radiologic signs of OA was about 15 years, whilst those who had, 
the same injury over the age of 30, the time interval was only about 5 years. 
The marked increase in the apparent rate of injury-induced OA progression with age could 
arise by several mechanisms [Lohmander, 1993]. First, the joint cartilage of the older 
individuals may be less able to withstand the increased mechanical loading caused by the 
lack of a functional meniscus, i.e. chronic instability resulting in mechanical overload. 
Second, the chondrocytes of the older cartilage may be less able to repair and replenish an 
injured matrix than cells of a younger tissue. Third, the meniscus tear may take place in a 
joint with a cartilage and meniscus matrix, the properties of which are already changed at the 
time of the apparent tear. Thus, the tear takes place in a joint with early-stage OA changes in 
both the meniscus matrix and joint cartilage matrix, a 'degenerative meniscus tear' arises 
from minor trauma but is part of the OA development. This would contrast to the tear of a 
normal meniscus in the younger individual usually arising from a more severe trauma to both 
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meniscus and joint cartilage. Still, the apparent rate of OA development is slower in the 
younger patient. An acute tear of the anterior cruciate ligament is often associated with 
damage to other joint structures such as joint capsule, menisci and cartilage [Noyes eta!, 
1994]. Further, secondary tears of the menisci may with time occur in the unstable knee 
[Balkfors, 1982, McDaniel and Dameron, 1983]. Knees with chronic anterior cruciate 
ligament deficiency, including those with intact menisci before reconstruction, have been 
shown to suffer early osteoarthritic changes, but more severe changes have been seen with 
meniscectomy [Jomha eta!, 1999]. In the unstable knee, the lowest incidence of 
degenerative change was found with acute anterior cruciate ligament reconstruction with 
meniscal preservation. Delay in the reconstruction of unstable knees (i.e. those with cruciate 
ligament deficiency) leads to increased meniscal injury and subsequent meniscectomy 
[Indelicato and Bittar, 1985, Jomha eta!, 1999, Woods and Chapman, 1984]. 
Pain and swelling, usually induced by activity, the inability to perform certain activities of 
daily living and/or participate in physical activities that apply high forces across the knee 
joint are virtually always presenting symptoms in patients with OA of the knee. Patients 
usually have some form of instability, which can be a cause of their discomfort and also have 
detrimental effects on the meniscus and remaining articular cartilage. Changes noted by X-
ray include ridge formation, narrowing of the joint space, and flattening of the curved 
femoral condyle. At the cellular level, there is initially a loss of cells from the superficial 
layer of the articular cartilage followed by cartilage splitting, subsequent thinning and 
erosion and finally, protrusion of the underlying raw bone. 
Joint space narrowing is a common finding through radiographic examination and confirms 
the presence of OA. The knee has two compartments, a medial compartment and a lateral 
compartment. Most patients with OA of the knee present with major involvement in only one 
compartment, with the medial compartment involved nearly three times as often as the 
lateral compartment. This can be attributed to the joint loading characteristics at the knee. An 
increased incidence of OA on the medial side is no surprise since the medial compartment 
supports the majority of the load across the knee joint. For example, someone with genus 
valgus may be more subject to OA of the lateral compartment because the mechanics of 
walking with genu-valgus puts more stress on the lateral side of the knee than the medial 
side. 
Any condition that increases the loads at the knee or decreases the contact area can facilitate 
the initiation and progression of OA disease. The importance of preserving menisci to 
prevent early osteoarthritis in isolated meniscal injuries has been highlighted and it has been 
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shown that meniscectomy alone is related directly to osteoarthritis [Appel, 1970, Johnson et 
a!, 1974, McDaniel and Dameron, 1983, Bolano and Grana, 1993]. Therefore, prevention of 
meniscal damage is paramount. 
Posttrauniatic Arthritis 
Postraumatic arthritis describes the development of arthritis in a joint that has a history of 
prior trauma, minor or major, repetitive, causing damage to its ligamentous, cartilaginous or 
osseous anatomy. It is pathologically and radiographically similar to osteoarthritis [Pinals, 
1989]. Many injuries to the knee have been associated with a development of arthritic 
changes, but the term posttraumatic arthritis is reserved for cases where the development of 
arthritis occurs as a direct result of major disruptive trauma to the joint. Development within 
the knee often occurs following intraarticular fractures or complete knee joint dislocations 
and the knee is prone to permanent alterations in structure, stability and alignment. The end 
result can be an arthritic knee with problems involving joint instability, stiffness, surgical 
scars, soft tissue abnormalities, bony defects and malalignment. These patients often require 
total knee arthroplasty to improve function and relieve pain. Primary knee arthroplasty in 
these patients is more complex than that carried out in the rheumatoid or osteoarthritic knee, 
as the factors associated with posttraumatic arthritis combine to make a knee replacement 
operation similar to a revision operation. 
There are limited reports in orthopaedic literature of the use of total knee replacement in 
patients with posttraumatic arthritis. However, if the knee is subject to severe trauma, despite 
the growing role and benefits of conservative and operative treatments, it is prone to the 
development of arthritis, which may subsequently require prosthetic arthroplasty. 
Rheumatoid Arthritis (RA) 
Rheumatoid Arthritis (RA) is a chronic inflammatory disease of unknown cause that affects 
around 1 percent of the adult population of the US [Fithian eta!, 1990, Lawrence, 1994, 
Verbrugge and Jette, 1994]. It is characterised by the chronic, progressive, symmetrical and 
erosive destruction of peripheral joints. Multiple genetic, reproductive, age and 
environmental factors influence the severity of and susceptibility to RA. Rheumatoid 
arthritis usually affects people at an earlier age than osteoarthritis. Women are affected more 
often than men (ratio of 3:1) and although the disease can appear at any age in adult life, the 
incidence and prevalence increases with age [Chan eta!, 1993]. The inflammatory process 
that characterises RA centres in and around the articular structures. This inflammatory 
process causes damage to joints. It is initially manifested by erosions in articular cartilage 
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and later in the underlying bone. Articular inflammation and destruction are responsible for 
the pain, stiffness, swelling and deformity and impaired motion that typify RA. 
The disease runs a chronic course over decades of a person's life. Articular physiology is 
progressively impaired, joints lose their mobility and become deformed, and the afflicted 
person gradually loses physical function. Traditionally considered an uncomfortable disease 
with a benign prognosis, recent comprehensive follow-up studies have shown that RA can 
have catastrophic consequences causing physical disability, loss of ability to work, financial 
losses, and early mortality [Pincus eta!, 1984]. Deformity and loss of physical function have 
been recognised in RA since the disease was first described [Pincus eta!, 1989]. Since there 
is no known etiology, rheumatoid inflammation cannot be presently 'cured'. 
More than one-third of persons with RA are no longer working six years after the onset of 
the disease and this proportion increases to more than one-half by ten years [Mau et a!, 1996, 
Yelin eta!, 1987, Yelin, 1996]. This job loss accounts for an even greater proportion of the 
financial impact of RA than the actual cost of drug therapies and hospitalisations [Stone, 
1984]. Thus, the disability that follows RA is important to both the individual and to society. 
In addition to its effect on physical function and work capacity, rheumatoid arthritis is 
associated with decreased survival [Linos eta!, 1980, Pincus, 1995]. All studies that have 
examined mortality rates among persons with RA have found that they have increased 
[Pincus and Callahan, 1986]. In general, standardised mortality rates in RA are two-fold 
higher than in the normal population, and RA shortens life expectancy by ten years [Pincus, 
1995]. 
Involvement of the meniscus in rheumatoid arthritis is not uncommon. In severe, long-
standing RA, the menisci may be totally destroyed [Hough and Sokoloff, 1989] and there 
exists evidence that prior joint trauma increases the incidence of RA [Julkunen eta!, 1974]. 
Total Knee Replacement (TKR) 
Arthroscopic surgery, most frequently performed on knee joints, provides an efficient 
surgical method for diagnosis and symptomatic relief of painful joints, but ultimately 
replacement of diseased joint surfaces by metal, plastic, or ceramic artificial materials may 
be necessary. This is accomplished through arthroplasty surgery when the natural joint can 
no longer perform adequately. Total joint replacement (TJR) arthroplasty is recognised as a 
major achievement in orthopaedic surgery. Successful replacement of the natural joints 
through arthroplasty surgery has been the long-time objective of orthopaedic surgeons. 
Arthroplasty (Dorland's Medical Dictionary definition 'plastic repair ofajoint') is a surgical 
technique which replaces all articulating degenerated natural surfaces with artificial 
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materials, hence achieving relief of pain and improved joint mobility by creation of a new 
prosthetic joint. More artificial joint replacements are performed on the knee than any other 
joint. 
The treatment of knee problems sometimes involves total knee replacement and primary 
total knee arthroplasty is now a commonly performed surgical procedure, with over a quarter 
of a million performed in the USA each year [AAOS, 1995]. Over 200,000 people in Britain 
have had knee replacements in Britain and it is estimated that more than 400,000 would 
greatly benefit from the operation [EULAR 1999, Professor Sturrock]. The long-term 
durability of primary knee arthroplasty is good, with a relatively low failure and revision 
rate, and over 95 percent of procedures provide satisfactory initial results [Siliski and 
Pedlow, 1994]. Total joint replacement surgery stops the damage caused by arthritis. The 
vast majority of primary total knee replacements are performed on patients with 
osteoarthritis or rheumatoid arthritis. It is among today's most successful treatments for 
certain kinds of arthritis, with more than 67 percent of patients experiencing dramatic pain 
relief. 
In total knee replacement (TKR), (or arthroplasty TKA) the bone-end surfaces of the tibia 
and femur are cut away and resurfaced with man-made materials. The implant (prosthesis) 
design may vary according to specific needs but the most common implant consists of three 
component parts. The patella, or kneecap, is made of high-density polyethylene, which offers 
tremendous strength and durability. The femoral section is metal, while the tibia is made of 
high-density polyethylene and may be supported by a metal tray. The aim of the total knee 
replacement is to relieve pain and recreate the normal function of the knee. Benefits of knee 
joint replacement include reduced joint pain, increased movement and mobility, correction of 
deformity, increased leg strength (if combined with exercise), and ultimately an improved 
quality of life. The short-term outlook for knee replacement is excellent. However, the 
artificial joints seldom allow the patients to be as active as they previously were and often 
prove to be unreliable. As with any major surgery there are potential risks involved. 
Improper prosthesis selection or alignment, inadequate fixation, use where contraindicated or 
in patients where medical, physical, mental, or occupational conditions will likely result in 
extreme stresses to the implant, may result in premature failure due to loosening, fracture or 
wear. Infection or loosening has been reported following total joint arthroplasty, as have 
wear and failure due to fracture or breakage of prosthesis components. Unfortunately, in vivo 
degradation, primarily as a result of the higher wear rates associated with artificial implant 
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materials, and the consequent adverse biological effect of the generated wear debris on bone 
mass/density and implant fixation, results in a shorter lifetime for these artificial joints when 
compared with natural synovial joints. Further, when compared to the initial TJR surgery, 
revision surgery of an implant is more difficult, has a lower success rate, may induce 
additional damage to the surrounding tissues and increases health care costs by one third 
[AAOS, 1995]. Revision surgery is more complicated than primary arthroplasty, since the 
original components are removed and original components implanted. 
The critical factor in deciding upon suitability for TKR is age. Wear and subsequent failure 
is a major problem with TKR and the short life expectancy of the prostheses means that the 
procedure is not normally performed on patients under the age of 65 years, in an attempt to 
reduce the potential of revision surgery being required. However, people aged 18 to 64 make 
up more than 27 percent of total knee replacement patients and total knee replacements have 
been done on patients as young as age 16 and older than 90. With knee replacements 
becoming more frequent in younger and younger patients, longer-term survival is necessary. 
Continued sustained advances in joint replacement prostheses design and materials 
advancements must be made to complement the fine tuned surgical methods and boost 
further the chances for a successful. Nearly all knee replacements have incongruous articular 
surfaces. By the use of incongruous articulation, the rate of wear in knee replacement can be 
reduced to levels lower than in the hip replacement. If the articular surfaces are congruous, 
physiological movements can only be provided by the use of meniscal bearings. In the same 
way as research has led us to understand further the function of the meniscus and led us to 
preserve it within the joint through repair techniques, a meniscus is required in knee 
replacements to improve small contact areas, reduce high contact stress and improve wear. 
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Material 
Fresh, human knee joint menisci were subjected to uniaxial unconfined compression, 
uniaxial tension and pure shear loading. 
The menisci were obtained through two sources: 
Menisci removed through arthroscopic surgery, following traumatic injury; and 
Menisci removed through total knee replacement surgery, due to arthritis. 
None of the menisci removed through arthroscopic surgery were from patients suffering 
pathological disorders affecting the osteoarticular tissues. 
Meniscal tissue was obtained through Mr. John Keating FRCSEd (Orth), Consultant 
Orthopaedic Surgeon, Edinburgh Royal Infirmary, Lauriston Place, Edinburgh, EH3 9YW. 
Application for ethical approval for the research study was made to Lothian Research Ethics 
Committee in January 1998 and granted in May 1998. 
Tissue Samples 
Compression 
Fourteen samples of menisci were removed during arthroscopic surgery from the knee joints 
of fourteen patients, ten males and three females. The age range was 20-61 years, the mean 
32 years. None of the samples were paired. Four samples were as a result of trauma whilst 
participating in sporting activities, whilst four patients had suffered a previous ACL tear in 
the same knee. 
Fifteen samples of menisci were removed during total knee replacement surgery from the 
knee joints of eleven patients, four males and seven females. The age range was 41-82 years, 
the mean 66 years. Four of the meniscus samples were paired. Of the fifteen samples, 
thirteen subjects underwent surgery as a result of osteoarthritis, whilst two were a result of 
rheumatoid arthritis. 
Tension 
Fourteen samples of menisci were removed during arthroscopic surgery from the knee joints 
of fourteen patients, 12 males and 2 females. The age range was 15-44 years, the mean 29 
years. None of the meniscus samples were paired. Five samples were removed as a result of 
trauma whilst participating in sporting activities. Two patients required concurrent ACL 
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reconstruction whilst one patient had previous medial meniscectomy and ACL 
reconstruction. 
Six samples of meniscus were removed during total knee replacement surgery from the knee 
joints of six patients, one male and five females. The age range was 50-76 years, the mean 
68 years. None of the menisci removed were paired. All samples were as a result of 
osteoarthritis, whilst one had a tibial fracture associated. 
Shear 
Seven samples of menisci were removed during arthroscopic surgery from the knee joints of 
seven patients, seven males and no female. The age range was 17-35 years, the mean 25 
years. None of the meniscus samples were paired. 
Eleven samples of menisci were removed during total knee replacement surgery from the 
knee joints of nine patients, six males and three females. The age range was 60-84 years, the 
mean 72 years. Two of the menisci were paired. All samples were as a result of 
osteoarthritis, whilst one had a tibial fracture associated. 
Clinical Data 
Clinical data and limited patient history were made available for each of the samples and is 
provided in Appendix A. The information available about the patient was age in years, 
gender, mechanism and date of injury (if applicable), date of presenting to knee clinic, pre-
op diagnosis, knee and meniscus injured/damaged. The date of surgery, arthroscopic surgery 
findings and the complete surgery procedure performed were also provided. 
Tissue Storage 
The meniscal tissue was fresh and not fixed. Therefore, storage techniques were vital to 
preserve the quality and condition of the samples. Excised tissue was immediately immersed 
in a 0.15M saline solution (4.4g salt per 0.5 litres distilled water) and stored in a refrigerator 
at 4 degrees C. 
Specimen Preparation 
Extreme care was taken to precisely prepare samples for testing due to the complex 
microstructure of the meniscus and the knowledge that collagen fibre orientation is a major 
determinant of anisotropy and inhomogeneity in the load-deformation behaviour of the 
meniscus. It is imperative that viscoelastic materials are handled in a non-traumatic 
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standardised manner. To prevent subsequent damage and degeneration of the fresh meniscal 
material, sample preparation and mechanical testing was completed as soon as practicable. 
Meniscal tissue was transferred to the School of Mechanical Engineering immersed in 0.1 5M 
saline, thus avoiding dehydration of the tissue. Prior to cutting, the samples were removed 
from the specimen jar using tweezers and any excess liquid gently removed with an 
absorbent tissue. This tissue was inspected and detailed descriptions of its shape and 
characteristics noted; for example the presence of calcium deposits. 
The meniscus was sectioned radially using a hand held scalpel into three regions (anterior, 
central, and posterior) for tensile and shear testing and into five regions (anterior, mid-
anterior, central, mid-posterior and posterior) for the compressive tests, Figure 6.16, A and B 
respectively. 
MEDIAL 	 LATERAL 
ANTERIOR 
D 	MEDIAL 	 LATERAL 
0 
ANTERIOR 
MID-ANTERIOR 	 - 	MID-ANTERIOR 
MID-POSTERIOR 	
/ 	 POSTERIOR 	
MID-POSTERIOR 
POSTERIOR 
Figure 6.16 Regions of the meniscus viewed looking down on the tibial plateau, right knee, used 
for tensile and shear (A) and compressive (B) testing. 
Each region was further sectioned to remove the surface layers, shown hatched in Figure 
6.17, using a scalpel. Unless otherwise stated all samples came from the middle layer. 





Figure 6.17 Cross-section of the meniscus, showing different layers. 
Multi axial tests are of essential importance in determining the three dimensional mechanical 
response of meniscal tissue due to its complex collagen structure. Sections of tissue for 
uniaxial mechanical testing were removed in three orthogonal planes, as shown in Figure 
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6.18. Axial samples had their axis parallel to the predominately circumferentially orientated 
fibres and the tibial plateau, whilst radial samples had their axis parallel to the predominately 
circumferentially orientated fibres and perpendicular to the tibial plateau. Circumferential 
samples had their axis perpendicular to the circumferential fibre bundles and parallel to the 
tibial plateau. 
Figure 6.18 A section of meniscal tissue indicating test sample orientations for (A) tensile, shear 
and (B) compressive tests. 
For the tensile and compressive samples, great care was taken to ensure parallel cuts, made 
possible by the manufacture of a specially designed cutting device in which parallel 
microtome blades were maintained equidistant. Non-parallel faces would have provided 
erroneous estimates of stress-strain at low strain. The sections were further trimmed into 
uniform cross-section rectangular samples using a hand scalpel with the aid of a rectangular 
guide and an optical microscope. Cylindrical sections of tissue were removed for shear 
testing using a skin biopsy punch (Stiefel Laboratories Ltd., UK). These methods allowed 
preparation of samples that ensured continuity of fibre bundles along their length. Care was 
taken to ensure that for the axial and radial samples, the continuity of the fibres throughout 
the length of the specimen was maintained. The use of the microscope allowed observation 
of the fibre integrity within a specimen with reasonable certainty. Tissue was maintained 
hydrated throughout. These procedures ensured no curling occurred before or throughout 
preparation or testing. 
Prior to testing, sample dimensions were carefully determined using a Genevoise Universal 
Measuring machine (MU-214B) [f=38.8 mm], with a calibrated graticule and an accuracy of 
±0.5.tm. The initial sample gauge length, thickness and width/diameter were measured and 
recorded, allowing the initial cross-sectional area to be calculated. The dimensions of width 
and thickness were taken at a minimum of five locations along the length of the specimens, 
to confirm parallel sides. For all tested specimens, the maximum difference between the 
measurements at the different locations was less than 1% of the average value. Samples with 
discrepancies in the gauge length were discarded. 
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The time taken during this preparation was sufficient to allow equilibration of the test 
specimens with ambient temperature. All mechanical testing was conducted at room 
temperature. There is considered to be only a very small change in stiffness and hysteresis 
between 20 and 41'C, i.e. up to physiological temperatures, meaning that accurate testing 
can be achieved at room temperature without the need to mimic body temperature [Smith et 
a!, 1996]. 
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Test Procedure 
Compression 
Test samples were subjected to unconfined uniaxial compressive loading between two 
stainless-steel platens, using an Instron Model 4500 Material Testing System connected to a 
PC installed with Instron Series IX software. A lO0kN load cell (accuracy - 0.1% of cell 
related output / 0.5% of indicated load) was used and a load range of 0 to 3 kN was applied 
to the meniscal tissue samples at a crosshead speed of 0.5 mm per minute. Each test ended as 
soon as the applied load reached AN. Data values for applied load (kN) and displacement 
(mm) were recorded at 0.5 second intervals. The point of contact of the compressive platen 
with the test sample was determined by a distinct rise in the applied load. 
A low crosshead speed of 0.5 mm/minute [0.00064 s] was used to minimise the frictional 
drag of interstitial fluid forced out of the tissue during compression. Therefore, the properties 
of the solid matrix can be obtained. Since the tests were unconfined the samples were able to 
strain laterally. 
A load range of to 3kN more than adequately represents physiological loading and indeed 
can be shown to be comparable to the loads observed in extreme instances of traumatic 
injury. Loads on the menisci are generally 50-70% of the total knee load. Resulting peak 
stresses produced on the test samples were of the order of 500MPa, depending upon sample 
size. 
Average person body weight = 800 N 
Knee Contact Area = 1200 mm2 
Physiological Loading = 10 [trauma load] * 800 N * 0.75 [% knee load) = 600 N 
Knee Stresses = 5 MPa 
Maximum Experimental Stress = [Max Force Applied (N)] / [Cross-sectional area (m 2) 
Typical Max Experimental Stress = 3000 / (22/1000000) = 136 MPa 
(mean axial cross-sectional area) 
Experimental Stress = 50-500 MPa 
(typical range of load) 
The gauge length of axial samples ranged from 0.461 to 2.460 mm, the mean 1.326 mm 
(±0.440 SD) [0.038 SEM] and surface area ranged from 5.660 to 57.430 mm, the mean 
22.201 mm (±8.527) [0.728]. The gauge length of circumferential samples ranged from 
0.480 to 2.070 mm, the mean 1.304 mm (±0.394) [0.065] and surface area ranged from 4.280 
to 28.290 mm, the mean 14.700 mm (±6.360) [1.050]. The gauge length of radial samples 
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ranged from 0.460 to 2.430 mm, the mean 1.243 mm (±0.434) [0.067] and surface area 
ranged from 3.210to31.I9O mm, the mean 17.580mm(±7.210)[1.110]. 
Tension 
Test samples were subjected to uniaxial tensile loading, using an Instron Model 4500 
Material Testing System connected to a PC installed with Instron Series IX control software. 
A IkN load cell (accuracy - 0.1% of cell related output / 0.5% of indicated load) was used 
and a load force was applied until specimen failure at a crosshead speed of 0.5 mm per 
minute [0.0014 s ' strain rate]. 
The samples of meniscus had fine grain carbide paper glued to their free ends using 
cyanoacrylate tissue cement before being loaded into standard tensile tests vice clamps. Two 
parallel dye-lines were placed at the boundary between the test tissue and the carbide 
paper/grips. The specimens were marked with ink at the edges of the grips to allow 
monitoring of slippage. Once the sample had been loaded into the grips, the gauge length 
was verified using a pair of measuring callipers. This ensured that no curling or dehydration 
of the tissue had occurred or that the sample had not been pre-loaded, causing the gauge 
length to alter. 
Figure 6.19 Attaching carbide paper to meniscus tensile samples. 
A low strain rate was used to minimise the effects of the interstitial fluid component of the 
tissue forced out of the tissue during tension, allowing the properties of the solid matrix to be 
obtained. 
Each test ended as soon as failure of the sample was noted. Data values for the applied load 
(N) and displacement (mm) were recorded at 0.5-second intervals. 
All specimens used to obtain the material properties data failed within the substance of the 
tissue and not near the clamps. If any slippage or elongation within the ends or failure out 
with the appropriate area of the gauge length was observed or detected, then the test results 
were discarded from the study. No specimen slippage occurred from the fixation at the 
clamps. 
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The gauge length of axial samples ranged from 1.880 to 19.040 mm, the mean 6.760 mm 
(±2.961 SD) [0.321 SEM] and surface area ranged from 0.210 to 3.9770 mm, the mean 1.488 
mm (±0.849) [0.093]. The gauge length of circumferential samples ranged from 0.870 to 
5.490 mm, the mean 2.385 mm (±1.046) [0.148] and surface area ranged from 0.200 to 2.400 
mm, the mean 0.747 mm (±0.430) [0.061]. The gauge length of radial samples ranged from 
1.810 to 20.720 mm, the mean 6.151 mm (±3.867) [0.43 8] and surface area ranged from 
0.143 to 3.580 mm, the mean 0.8935 mm (±0.550) [0.062]. 
Shear 
Test samples were subjected to pure uniaxial torsion. Meniscal tissue samples for shear 
testing were prepared in the three directions - axial, radial, and circumferential - using a skin 
biopsy punch (Stiefel Laboratories, UK), hand held scalpel and cutting guides. The biopsy 
punch ensured that the test samples had a circular cross-section. Specimen ends were glued 
into the end caps of slotted torsion casings using cyanoacrylate tissue cement, Figure 6.20. 
This ensured there was no loss of torque through slippage in the casing and the slotted casing 
prevented relative rotation between the specimen and the torsion stands. A constant strain 
rate torque [0.004 s'] was applied in a custom built frame and the applied torque (Nm) and 
angular displacement (radians) measured. 
Meniscus Sample 
Figure 6.20 Meniscal shear test sample shown in the slotted torsion casing. 
The gauge length of axial samples ranged from 1.319 to 10.590mm, the mean 6.339mm 
(±2.465 SD) [±0.474 SEM] and diameter ranged from 3.730 to 14.657mm, the mean 
5.325mm (±2.824) [±0.544]. The gauge length of circumferential samples ranged from 1.869 
to 7.610mm, with the mean 4.409mm (±2.105) [±0.563] and diameter ranged from 3.680 to 
8.040mm, the mean 5.102mm (±1.460) [±0.390]. The gauge length of radial samples ranged 
from 1.125 to 5.120mm, the mean 2.467mm (±1.212) [±0.303] and diameter ranged from 
3.620 to 10.521 mm, the mean 2.467mm (±2.061) [±0.515]. 
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Data Analysis 
Compression 
Raw data were collected by Instron Series IX software in SI units. Data values for applied 
load (kN) and displacement (mm) were recorded at 0.5 second intervals. Data was 
transferred to Minitab (Release 12.2) and converted into values for engineering stress (MPa) 
[Equation 1] and strain (mm/mm) [Equation 2], using the initial dimensions of the test 
sample and stress-strain values plotted. Using stress and strain values removes the effect of 
geometry and allows a direct comparison of different samples. Differing maximum stress 





cr = stress [engineering stress] 
P = applied load (N) 





= strain (mm/mm) 
Al = displacement (mm) 
/ = initial gauge length (mm) 
The compressive stress-strain relationship was then used to obtain the following material 
properties for each sample, which are shown in Figure 6.21. 
Tangent modulus (Young's modulus approximation from linear region); 
Coefficient of determination, r2; and 
Stress and strain at 3kN. 
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Strain C (lo -111 o ) 
Figure 6.21 Schematic diagram showing the material properties determined from the 
compressive stress-strain plots, highlighting the calculation of the tangent modulus as a tangent 
to the actual stress-strain curve. 
For biological tissues, the stress-strain curve has a distinct linear toe-region and tends to a 
linear value at its extremes. Tangent modulus is the slope of the stress-strain curve in the 
linear portion of the curve and can be determined by linear regression. The coefficient of 
determination, r2, compares the estimated and actual y-values in the regression procedure. 
The tangent modulus can be calculated as a tangent at any point, to allow analysis or 
comparison of this material property. Values for the Tangent modulus (MPa) for each test 
sample were calculated at strains of 0-10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 
80% and 90%. 
Tangent Modulus 
The modulus of elasticity, or Young's modulus, is a measure of the stiffness of a material 
and is the slope of the stress-strain diagram in a linearly elastic region. 
For linear stress-strain; 
0 
E = - = const 	 Equation 3 
where: 
E = Young's modulus 
= stress 
F = strain 
Tension 
Raw data was collected by Instron Series IX software in SI units. Data values for applied 
load (kN) and displacement (mm) were recorded at 0.5 second intervals. Data was 
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transferred to Minitab (Release 12.2) and converted into values for engineering stress (MPa) 
[Equation 1] and strain (mm/mm) [Equation 2], by reference to the initial specimen 
dimensions, and stress-strain values plotted. Using stress and strain values removes the 
effects of sample geometry and allows a direct comparison of different samples. 
The tensile stress-strain relationship was then used to obtain the following material 
properties for each test sample, which are shown in Figure 6.22: 
Ultimate tensile strength (UTS) (breaking stress); 
Ultimate strain (US); 
Tangent modulus (Young's modulus approximation from linear region), and 
subsequently; 
Strain Intersect (SI) and; 
Coefficient of determination, r2 . 
Figure 6.22 Material properties determined from tensile stress-strain plot. 
The ultimate tensile strength (UTS) and ultimate strain (US) were determined at the 
maximum load sustained by the sample. The tangent modulus is the slope of the stress-strain 
curve in the linear portion of the curve and is determined by linear regression. Where this 
iegression line meets with the x-axis is noted as the strain intersect and the coefficient of 
determination, r2, which compares the estimated and actual y-values in the regression 
procedure. Values for the tangent modulus, tensile strength and ultimate strain were 
determined for each specimen. 
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Shear 
Raw data values for applied load (N) and angular displacement (radians) were recorded at 2 
second intervals. Data was transferred to Minitab (Release 12.2) and converted into values 
for shear stress [Equation 4] and strain [Equation 5], using the initial dimensions of the test 
sample and shear stress-strain values plotted. Appendix B details the use of pure shear 
considerations in this study. Using stress and strain values removes the effect of geometry 
and allows a direct comparison of different samples. 
Ta 2T 
	
= 	= 	3 	 Equation  
I ra 
where, 
= shear stress (MPa / Nm 2 ) 
T = Applied Torque (Nm) 
a = distance from the edge [radius = maximum] (m) 
Ip = Polar second moment of area (m 4) 
aØ 
7 - 	 Equation 5 
where, 
= shear strain 
a = radius of cross-section (m) 
= angle of twist (radians) 
h = gauge length (m) 
The shear stress-strain relationship was then used to obtain the following material properties 
for each sample, which are shown in Figure 6.23. 
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Figure 6.23 Material properties determined from shear stress-strain plot. 
The ultimate shear stress and ultimate shear strain were determined at the maximum load 
sustained by the sample. The tangent shear modulus was determined at the slope of the linear 
portion of the curve passing through the origin (0,0) determined through linear regression. 
When a material, such as fibrocartilage, does not have an obvious yield point, yet undergoes 
large strains after the proportional limit has been exceeded, an arbitrary yield stress may be 
determined using the offset method. A line is drawn on the stress-strain diagram parallel to 
the initial linear portion of the curve, Figure 6.23, but offset by a standard amount of strain. 
(In this case, tyield is defined as 0.002 or 0.2% strain.) The intersection of the offset line and 
the stress-strain curve (Point YOffset  in Figure 6.23) defines the yield stress. Since this stress is 
determined arbitrarily and is not an inherent physical property, it is referred to as the offset 
yield stress. Subsequently, the offset yield stress and offset yield strain can only be indicative 
results. 
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Non-linear Model 
If a constitutive model is to be analysed then the material coefficients can be determined 
using non-linear regression. To accurately characterise the stress-strain behaviour of the 
meniscal material over the range of compressive, tensile and shear loading, it is appropriate 
to use a non-linear model. One such model is Fung's exponential model for biological tissue 
[Fung, 1981], which has been used successfully to describe other biological tissues including 
the meniscus and articular cartilage [Atkinson et a!, 1999, Fung, 1981, Kenedi ci a!, 1964, 
Morgan, 1960]. Fung's is a two parameter non-linear, modified exponential model. It 
provides an accurate and convenient way of modelling stress-strain relations using only a 
limited number of parameters. Using a non-linear least-squares method, the constitutive 
model was fitted to the experimental data and the ability of each model to describe the 
menisci behaviour was compared based on the correlation coefficient, r, and the sample 
error, S. The magnitude of the standard error is dependent upon the scale of the data, whereas 
the correlation co-efficient is a normalised value. 
Mathematical representations provide a parametric description of the characteristic 
behaviour of the tissue subject to certain loading and are a powerful tool in the study of 
tissue function. 
Compression and Tension 
Fung's exponential model for soft tissue 





ci = stress (SI units) 
c = strain (SI units) 
A = empirically derived constant (dimensions M U' T 2 , SI units of stress) 
B = empirically derived constant (dimensionless) 
Fung's model requires proportionality between the slope of the stress-strain curve, or tangent 
modulus, and stress. Differentiating Equation 7 gives: 
a 
—=ABe =Ba+Coca 	 Equation  
de 
where: 
C = AB (dimensions M ' T 2 U 	, SI units of stress) 
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This shows that the increase in the stiffness of the specimen is directly related to the applied 
stress, , with the tangent modulus directly proportional to parameter B. 
The concept of fibre recruitment has been proposed as an explanation for this stiffening 
effect [Mow eta!, 1991]. As tension proceeds and more of the coiled or slack fibres are 
straightened and stretched, the number of fibres actively resisting the applied load increase, 
resulting in an increased tensile stiffness of the cartilage. The concept of fibre recruitment is 
commonly used in tensile studies of tendons and ligaments. 
Further differentiation of Equation 7 gives: 
2 dcr 	28e 	2 = AB e = B a + D 	 Equation 8 
de 2 
where: 
D = AB 2 (dimensions M U' T 2 , SI units of stress) 
Parameter A in Fung's model represents the stress/strength of the material at low strains, 
with a higher value representing a higher stress. Parameter B represents the strength of the 
material at higher strain, as c—co, with a larger value of B denoting a higher stress with 
increasing strain. Whilst parameters A and B describe the behaviour of the stress-strain 
relationship over the whole range of loading of a sample, it is appropriate to also consider the 
calculated values of AB and AB 2. AB represents the tangent modulus or tissue stiffness, at 
low strains, whilst the rate of change of this slope at the origin is given byAB 2 . Thus 
calculated AB provides an immediate indication of tissue stiffness, with the rate of change of 
this stiffness provided by AB 2 . 
Shear 
An exponential model rather than a polynomial provided no inflexion points, a close fit, a 
simple derivative and the asymptote gave the failure stress. 
The exponential model used was given by: 
	
= A(1—e') 	 Equation 9 
where: 
T = shear stress (SI units) 
= shear strain (SI units) 
A = empirically derived constant (dimensions M U' T 2 , SI units of shear stress) 
B = empirically derived constant (dimensionless) 
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This model required proportionality between the slope of the shear stress-strain curve, or 
tangent derivative and stress. Differentiating Equation 9 gives: 
dr = ABe -B  = E - Br oc —r 	 Equation 10 
dy 
where: 
E = AB (dimensions M L 1 T 2 , SI units of shear stress) 
This demonstrates that the increase in the shear stiffness of the specimen is directly related to 
the applied shear stress, t, with the tangent modulus directly proportional to B. 
Further differentiation of Equation 10 gives: 
2 	 2 = —AB e -B  = F + B r CC  r 	 Equation 11 
dy 2 
where: 
F = -AB2 (dimensions M U' T 2 , SI units of shear stress) 
Parameter A denotes the asymptote of the model as y—+oo and represents the ultimate shear 
stress of the test specimen. Parameter B represents the initial response of the tissue to shear 
loading, with a greater value of parameter B denoting greater shear strength and stiffness. At 
small strains, as B increases, e 1 tends to decrease, therefore shear stress r, tends to increase. 
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Experimental Data Presentation 
The primary experimental stress-strain test data was subject to analysis in two separate 
procedures. 
Regression Model 
Fung's modelwas fitted to each individual experimental stress-strain curve, using a non-
linear least-squares method, and parameters A and B determined. Thus, each test 
generated individual values for A and B. These parameters were then analysed 
statistically in relation to the independent test factors, highlighted in the previous 
section, to obtain relevant mean values, associated correlation coefficients and sample 
errors, which were then investigated for statistical significance. This information is 
presented throughout the following sections under the sub-heading of 'Regression Model 
Parameters' as tables of data. These mathematical representations of the experimental 
test behaviour were used to generate the stress-strain curves presented. These diagrams 
represent Fung's model generated for each independent test factor, not primary 
experimental data, and are incorporated to provide an additional view of the significant 
differences highlighted. 
Materials Properties 
The values of material properties presented throughout were individually calculated 
directly from primary experimental data. These values were then subjected to statistical 
analysis in order to reveal relevant mean values and statistically significant results 
between relevant independent test factors. 
Primary experimental and clinical data and spreadsheet calculations of regression model 
parameters and materials property data for each individual test, have been deposited in 
electronic format within the School of Mechanical Engineering, Faculty of Science and 
Engineering, The University of Edinburgh, Sanderson Building, The King's Buildings, 
Edinburgh, Scotland, EH9 3JL. This data is available on request. 
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Statistical Analysis 
Analysis of variance was performed on the experimental values of the material properties 
obtained through each experiment and the regression model parameters. 
Six independent factors were investigated (all fixed and in order): 
Orientation - axial, circumferential and radial; 
Pathology - injury and osteoarthritis; 
Location - anterior, central and posterior; 
Meniscus - medial and lateral; 
Knee - right and left; and 
Gender - male and female. 
A general linear model was constructed within Minitab (Release 12.2) to perform a 
univariate analysis of variance on the unbalanced data, with the above six factors fixed and 
nested. 
Significant differences highlighted through the ANOVA were subject to further analysis 
through the parametric Students t-test for normally distributed data and the non-parametric 
Mann Whitney U-test for skewed data and small sample sizes, to determine the specific 
nature of any differences. Where appropriate, skewed data was transformed so that a normal 
distribution was achieved, to enable the Students t-test to be performed to maintain 
continuity and accuracy. 
All tests were performed at a confidence level of 95% and usual levels were adopted to 
interpret statistical significance. 
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7.0 The Meniscus under Compression 
The mechanical properties and behavioural characteristics of human knee joint menisci were 
investigated when subjected to unconfined compressive loading. Fresh knee joint menisci 
from meniscectomy and total knee replacement surgery were prepared in three orientations 
(axial, circumferential and radial) from five different regions (anterior, mid-anterior, central, 
mid-posterior and posterior) and different patients (pathology, gender and age) and locations 
(medial/lateral menisci, right/left knee). 
This section details the full results of uniaxial unconfined compression of the human knee 
joint meniscus. A summary of the major results is provided initially, followed by a detailed 
analysis of the results investigating in turn the effects of orientation, pathology and 
circumferential region of the test samples and the original location of the meniscus, i.e. 
right/left knee, medial/lateral compartment and male/female patients. The effects of each of 
the six factors under investigation are analysed in turn on the regression model parameters, 
followed by the material properties. Relevant tables of data, figures and detailed descriptions 
of the statistical analysis at each stage are incorporated within the text, with further data 
provided for reference in Appendix C. A discussion of the cause and effects of the results on 
the mechanics of the meniscus and their relevance is then presented. 
7.1 Results 
Results Summary 
All stress-strain curves generated for loading of the meniscus under unconfined compression 
were non-linear, i-shaped. This confirmed a non-linear response of meniscal material to 
compressive stress and strain, typical of soft, biological tissue. Therefore, it was appropriate 
to use a non-linear stress-strain relationship to describe precisely the curves over their full 
range of operation. The J-shape stress-strain curve is characterised by an initial low modulus 
region, an immediate region of gradually increasing modulus, followed by a region of 
reasonably constant but high modulus. 
The experimentally obtained stress-strain data were fitted to Fung's exponential model for 
biological tissues [Equation 6], using a non-linear regression procedure. This model provided 
an excellent fit for all the specimens (N=213) regardless of test orientation, tissue pathology, 
regional location and all other considered factors. This ensured that the regression model 
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could be used to determine and analyse accurately the mechanical properties and behavioural 
characteristics of fresh, human knee joint menisci when subject to unconfined compression. 
Fung's model uses two parameters A and B to describe the behaviour of the stress-strain 
relationship over the whole range of compressive loading of the meniscus. Parameter A 
represents the compressive strength of the material at low strains, with a higher value 
representing a higher compressive stress. Parameter B represents the compressive strength of 
the meniscus at higher strains, with a larger value of B denoting a higher compressive 
strength. The regression model parameters were used to calculate values of AB and AB 2. AB 
represents the tangent modulus, or tissue stiffness, at very low stresses, whilst the rate of 
change of this slope at the origin is given by AB 2 . Thus parameter AB provided an 
immediately accessible indication of meniscal stiffness, with the rate of change of this 
stiffness provided by the value of AB 2 . 
Values of Young's modulus were calculated from the individual experimental data, and also 
from the values of the regression model parameters, at various compressive strains from 0 to 
90 percent. The regression model parameters A and B, calculated values of AB and AB  and 
Young's moduli values were then investigated through ANOVA and parametric and non-
parametric statistical techniques to determine significant differences caused by the test 
factors being considered. 
Menisci were subjected to unconfined compressive loading in three distinct orthogonal 
planes, i.e. axial, circumferential and radial, and very highly statistically significant 
differences were found in the response of the tissue in all three orientations. Axially and 
radially orientated menisci displayed similar compressive behaviour, tissue stiffness and 
compressive strength at strains up to 15 percent, with both significantly stiffer than 
circumferentially orientated menisci. With increasing compressive strain, tissue stiffness in 
the radial and circumferential orientation increased compared to the axial, with menisci 
prepared in the circumferential plane significantly stiffer than both the axial and radial 
samples. Circumferentially orientated menisci became stiffer than the axial at compressive 
strains greater than 20 percent and greater than the radial above 40 percent strain. As 
compressive strain increased, meniscal tissue stiffness in the radial plane increases compared 
to the axial. 
Robert Moran 	 90 
7.0 The Meniscus under Compression 
The menisci originated from two distinct pathological groups, trauma (injury) and 
osteoarticular disease and statistically significant differences were found between the two 
pathologies in all three test orientations. These significant differences were highly dependent 
upon the amount of compressive strain applied. In all three orientations, regression model 
parameter A was significantly greater in injured menisci and parameter B was significantly 
greater in arthritic tissue. Tissue stiffness was greater in injured menisci compared to 
arthritic at compressive strains up to 35 percent, in all three orientations. With increasing 
strain above 35 percent, arthritic menisci displayed greater values of Young's modulus than 
injured menisci. For both tissue pathologies tested, circumferentially orientated menisci was 
significantly less stiff under low compressive strain and significantly stiffer at high strains 
compared to both the axial and radial. Under low compressive strain, the radially orientated 
menisci was stiffest within injured tissue, whilst axial menisci provided a greater 
compressive strength in arthritic tissue. 
The menisci were found to be highly inhomogeneous, i.e. the tissue displayed different 
properties in different regions of the meniscus. In the injured tissue, compressive stiffness 
and strength decreased posteriorly through the meniscus from a maximum in the anterior 
sections in all three test orientations. In the arthritic menisci, the tissue extremities were 
significantly stiffer than the central region in the axial orientation, i.e. stiffness decreased 
from the anterior regions through to the central region, with the posterior having a similar 
compressive strength to that of the anterior regions. In both the circumferential and radial 
orientations, a decrease in stiffness from the central region to the posterior was highlighted, 
with these regions significantly stiffer than the anterior. 
The mechanical properties of the meniscus were found to vary significantly dependent upon 
from which meniscus the test sample originated. Analysis of the axially orientated injured 
menisci highlighted significant differences between the results obtained for the medial and 
lateral menisci. Parameter B had a greater value within medial tissue, whilst parameter A and 
calculated AB and AB 2 were greater in lateral menisci. Under compressive strains of less than 
40 percent, lateral menisci were significantly stiffer than the medial, whilst medial tissue had 
greater compressive stiffness at strains greater than 40 percent. In all three test orientations 
of arthritic tissue, parameter B was greater in medial menisci compared to the lateral, with 
parameter A and calculated AB and AB  greater within the lateral menisci. Tissue stiffness 
was greater in lateral menisci in the anterior to central regions of all three test orientations, at 
compressive strains less than 40 percent. At strains greater than 40 percent, medial menisci 
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were stiffer than lateral in the axial and radial orientations, with lateral menisci stiffer in the 
circumferential throughout the full range of compressive strain. In the posterior regions of 
both axial and circumferential tissue, medial menisci proved stiffer than lateral menisci at 
strain below 30 percent, with the lateral stiffer at strains above 30 percent. 
The mechanical properties were found to vary significantly upon from which knee the 
menisci originated. In injured tissue, menisci from the right knee was significantly stiffer 
than left knee menisci when subject to strains of less than 30 percent, with the left knee 
menisci stiffer thereafter. Circumferentially orientated menisci from the right knee were 
stiffer throughout the full range of compressive strain. No data were available for radially 
orientated menisci. Arthritic menisci also showed significant variations, with left knee 
menisci significantly stiffer at strains under 40 percent, with the right knee tissue 
significantly stiffer at strains above 40 percent, in all three orientations. 
The mechanical properties and behavioural characteristics were found to vary significantly 
between tissue obtained from male and female patients. Female menisci were stiffer than 
male menisci throughout the full range of compressive loading in the axial orientation, with 
male menisci stiffer than female in the circumferential. In the radial orientation, tissue 
stiffness was greater in male menisci, significantly greater than that of the female menisci at 
compressive strains less than 15 percent. In arthritic menisci, female tissue was significantly 
stiffer than male at strains less than 15 percent in the axial orientation, with male menisci 
stiffer at strains greater than 15 percent. In the circumferential orientation, tissue stiffness 
was significantly greater in female menisci throughout, significantly greater than male 
menisci at strains above 40 percent. At strains less than 40 percent in the radial orientation, 
female menisci were stiffer than male, with the male stiffer thereafter, significant at strains 
greater than 60 percent. 
The mechanical properties of human menisci were shown to be age-dependent. Parameter A 
increased with age in the injured tissue and decreased in the arthritic in all three test 
orientations. Parameter B decreased with advancing age in the axial orientation and increased 
in the radial in both tissue pathologies. In the circumferential orientation, parameter B 
increased with age in the injured tissue and decreased in the arthritic. Young's modulus 
values increased in both the circumferential and radial orientations with advancing age, but 
decreased in the axial plane of injured menisci. At strains of less than 30 percent, the 
Young's modulus of arthritic menisci decreased significantly as age increased. At strains 
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above 30 percent, Young's modulus increased with advancing age in the circumferential and 
radial planes yet decreased in the axial. I.e. compressive strength and stiffness decreased in 
both tissue pathologies in the axial plane as age increased. Compressive stiffness and 
strength increased in the circumferential and radial as age increased throughout the full range 
of loading for the injured tissue and at strains above 30 percent in the arthritic, yet decreased 
at strains less than 30 percent. 
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Analysis of Variance (ANOVA) 
Analysis of variance was performed on the experimental values of the regression parameters 
and material properties obtained from each compressive test (N=213) and six independent 
factors. 
ANOVA Compression Regression Parameters 
Response 
Factor 
A B AB AB r 	S 
Orientation 1=O.007 p=O.000 p=0.053 p=0.120 p=0.051 	p=0.005 
* * * 
Pathology p=0.002 p0.000 p0.008 p0.000 p=0.746 	p=0.000 
* * * * * 
Location p=0.366 p0.086 p=0.823 p0.026 p=0.875 	p0.637 
* 
Meniscus 	p=0.546 p=0.005 	p=0.875 	p=0.573 	p=0.953 	p=0.949 
* 
Knee 	 p=0.962 	p=0.000 	p=0.989 	p=0.973 	p=0.993 	p=0.981 
* 
Gender 	 p=0.815 	p=0.000 	p0.451 	p0.001 	p0.810 	p=0.031 
* * * 
Table 7.11 ANOVA results for model parameters A, B, calculated AB and AB2 , correlation rand 
sample erorS for compression tests. f* denotes statistical significance]. 
Table 7.11 displays the results of the ANOVA performed on regression model parameters A, 
B, associated correlation coefficient r and sample error S, calculated values AB and AB  and 
the six factors to be investigated. Orientation and pathology were highly statistically 
significant factors affecting the value of both parameters A and B. Interactions were also 
highlighted between parameter B and meniscus (medial or lateral), knee (right or left) and 
gender (male or female) factors. Pathology was a statistically significant factor for values of 
both AB and AB 2, whilst the value of AB 2 appeared to be significantly affected by regional 
location and gender factors. 
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Regression Model 
Experimental stress-strain data were fitted to Fung's exponential model for biological tissues 
[Equation 6] using a non-linear regression procedure  and this model provided a neat fit for 
all specimens (N=213) with no inflexion points. The ability of the constitutive model to 
describe the menisci behaviour was compared to the experimental data based on the 
correlation coefficient r and the sample error S, Table 7.14. Fung's model produced an 
average correlation factor r of 0.997 (± 0.003 SD) [0.0002 SEM] and a sample error S of 
2.8870 (± 1.6340) [0.1120] MPa. 
	
Orientation 	Pathology 	Correlation 	(±SD) Sample Error, 	(±SD) 
factor, r [±SEM] 	S (MPa) [±SEM] 
All 	Average (N213) 	0.9973 	(±0.0034) 2.8870 	(±1.6340) 
[0.0002] 	 [0.1120] 
Axial 	Injury (N=55) 0.9965 (±0.0044) 3.3080 (±1.8600) 
[0.0006] [0.2510] 
Arthritic (N=79) 0.9966 (±0.0036) 2.7540 (±1.6070) 
[0.0004] [0.181 01 
Average (N134) 0.9965 (±0.0039) 2.9810 (±1.7300) 
[0.0003] [0.1490] 
Circumferential 	Injury (N=12) 0.9986 (±0.0019) 4.3760 (±1.9510) 
[0.0006] [0.5630] 
Arthritic (N25) 0.9986 (±0.0015) 2.4310 (±0.9680) 
[0.0003] [0.1940] 
Average (N=37) 0.9986 (±0.0016) 3.0620 (±1.6240) 
[0.0003] [0.2670] 
Radial 	Injury (N=13) 	0.9988 	(±0.0013) 3.4900 	(±1.3540) 
[0.0004] [0.3760] 
Arthritic (N28) 	0.9988 	(±0.0014) 1.9230 	(±0.7530) 
[0.0002] [0.1420] 
Average (N41) 	0.9988 	(±0.0012) 2.4200 	(±1.2160) 
[0.00021 10.19001 
Table 7.14 Correlation factor rand sample error S for the regression model parameters 
A desirable fit was observed for all the samples regardless of the test orientation, men iscal 
pathology, location, meniscus, knee and gender of the patients. This ensured that the 
regression model could be used to accurately determine and analyse the mechanical 
properties and behavioural characteristics of the meniscus when subjected to unconfined 
compressive loading. Throughout the statistical analysis of the regression model data, the 
experimental data were checked and the model data verified. 
The best correlation coefficient for the regression model and experimental data occurred in 
the circumferential and radial orientations, significantly greater than the axial, p<0.000 1. No 
"Least squares approximation is a tool that allows the behaviour of a variable to be modelled in terms 
of several other variables. 
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significant differences in the value of the correlation coefficient were found due to any of the 
other factors investigated. Sample errors in the axial and circumferential orientations were 
significantly greater than the radial, p<0.05. Sample errors in injured menisci were greater 
than that found in the arthritic in all three orientations, statistically significant in the 
circumferential (p<O.Ol) and radial (p<0.005). The ANOVA model highlighted gender as a 
significant factor in the sample error. Sample error was significantly greater in the male 
menisci compared to that of the female, p<0.005, but only in the axially orientated injured 
tissue. No other significant differences in the values of sample error or correlation coefficient 
were determined due to gender variations. 
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Orientation 
Meniscal tissue was subjected to unconfined compressive loading in three distinct orthogonal 
planes, i.e. axial, circumferential and radial. Statistically significant differences were found 
in the response of the material in all three orientations, i.e. the meniscus was confirmed to be 
highly anisotropic under unconfined compressive loading. 
Regression Model Parameters 
Parameter A of the regression model in the axial orientation was significantly larger than 
corresponding values in both the circumferential (p<0.000I) and radial (p<0.005) 
orientations, whilst parameter A in the radial plane was significantly larger than the 
circumferential (p<O.O 1), Figure 7.24. Parameter B was greatest in the circumferential 
orientation, with significantly larger than the radial (p<0.05) and axial (p<O.00 I). Parameter 
B in the radial orientation was significantly larger than the axial (p<O.00 1). 
A 	 B 













Figure 7.24 Regression model model parameters A and B; dependence upon orientation. 
- 	Orientation A (± SD) B (± SD) 
[MI............... 
Axial 1.330 (±2.134) 10.024 (±4.738) 
(N=134) [0.184] [0.409] 
Circumferential 0.177 (±0.293) 17.270 (±6.270) 
(N=37) [0.048] [1.030] 
Radial 0.750 (±1.433) 13.935 (±4.878) 
(N=40) 10.2241 10.7621 
Table 7.15 Regression model parameters A and B; dependence upon orientation. 
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Calculated AB was largest in the axial orientation and statistically significant when compared 
to the values determined in the circumferential (p<0.000 I) and radial (p<O.OS). AB in the 
radial orientation was significantly larger than the circumferential (p<O.OS). The greatest 
value of AB  was found in the radial orientation. AB  in the circumferential plane was less 
than both the radial and axial, but not statistically significant, Figure 7.25. 
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Figure 7.25 Calculated values of AB and AB 2; dependence upon orientation. 
Orientation AB (± SD) AB (± SD) 
[SEMI [SEMl 
Axial 9.270 (±12.200) 73.380 (±92.580) 
(N=134) [1.050] [8.000] 
Circumferential 2.307 (±3.334) 34.800 (±54.430) 
(N=37) [0.548] [8.950] 
Radial 7.070 (±11.680) 77.200 (±136.100) 
(N=40) [1.820] [21.200] 
Table 7.16 Calculated values of AB and A8 2 ; dependence upon orientation 
Material Properties 
Table 7.17 and Table 7.18 provide Young's modulus (MPa) values calculated from each of 
the individual experimental regression model data in the three orientations, subject to 
compressive strains of 0 to 50 percent. Table 7.19 provides Young's modulus (MPa) values 
calculated from the averages of the regression model parameters in the three orientations, 
from Table 7.15. 
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Calculated Youngs modulus (MPa) 
Orientation 5% (± SD) 10% (± SD) 15% (± SD) 20% (± SD) 
[SEM] [SEM] [SEM] [SEM] 
Axial 13.97 (±17.59) 21.68 (±27.46) 35.08 (±48.17) 59.98 (±96.12) 
(N=134) [1.52] [2.37] [4.16] [8.30] 
Circumferential 5.08 (±7.70) 11.98 (±20.79) 30.40 (±63.20) 82.60 (±206.00) 
(N=37) [1.27] [3.42] [10.40] [33.90] 
Radial 12.51 (±21.06) 23.35 (±44.55) 46.10 (±105.70) 96.00 (±264.80) 
(N=40) [3.29] [6.96] [41.30] 
Table 7.17 Average Young's modulus (MPa) calculated from individual experimental model 
parameters at strains 0-20%; dependence upon orientation. 
Calculated Youngs modulus (MPa) 
Orientation 25% (± SD) 30% (± SD) 40% (± SD) 50% (± SD) 
[SEMI [SEM] [SEM] [SEM] 
Axial 110 (±216) 223 (±546) [47] 1272 (±5014) 10893 (±61607) 
(N=134) [19] [433] [5322] 
Circumferential 242 (±699) 764 (±2435) 9769 (±34151) 179164 (±737745) 
(N=37) [115] [400] [5614] [121285] 
Radial 210 (±677) 481 (±1743) 2775 (±11636) 17548 (±78013) 
(N=40) [106] [272] [1817] [121841 
Table 7.18 Average Young's modulus (MPa) calculated from individual experimental model 
parameters at strains 25-50%; dependence upon orientation. 
Youngs modulus_(MPa) at % strain from average parameter values 
Orientation 5% 10% 15% 20% 25% 30% 40% 50% 
Axial 22.01 36.33 59.97 98.98 163.39 269.71 734.92 2002.52 
(N=134) 
Circumferential 7.25 17.19 40.77 96.68 229.26 543.68 3057.54 17194.85 
(N=37) 
Radial 20.98 42.11 84.52 169.65 340.52 683.50 2753.76 11094.69 
(N=4O 
Table 7.19 Young's modulus (MPa) calculated from average model parameters, strains 0-50%; 
dependence upon orientation. 
Under low compressive strains of up to 10 percent, menisci in the axial and radial 
orientations maintains similar levels of compressive stiffness, stiffer than the circumferential 
orientation which significantly maintains less than 50 percent of the stiffness displayed by 
the axial (p<0.00005) and radial (p<0.05), Figure 7.26. 
With increasing strain greater than 15 percent, tissue strength and stiffness in the radial and 
circumferential orientation increases compared to the axial, with the circumferential 
remaining significantly less stiff than both the axial (p<O.OS) and radial (p<0.05). The 
circumferential orientation becomes stiffer than the axial at strains greater than 20 percent. 
Radially orientated menisci remain stiffer than both axial and circumferential at compressive 
strains less than 30 percent. At strains of 30 percent the circumferential plane is twice as stiff 
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as the axial, with the radial 25 percent stiffer than the circumferential plane, Figure 7.33 and 
Table 7.18. 
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Figure 7.26 Stress-strain behaviour at compressive strains 0-30%; dependance upon 
orientation. 
When subject to compressive strains above 40 percent, menisci in the circumferential plane 
becomes stiffer than tissue in the radial and continues to increase in stiffness in comparison 
to both the radial and axial orientations with increasing strain. Stiffness in the radial plane 
increases compared to the axial with increasing strain, Figure 7.27 and Table 7.18. 
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Figure 7.27 Stress-strain behaviour at compressive strains 0-50%; dependence upon orientation. 
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Pathology 
The menisci subjected to unconfined compression testing originated from two distinct 
pathological groups, trauma (injury) and osteoarticular disease. Significant differences in the 
behavioural characteristics and mechanical properties were found between the two 
pathologies in all three orientations, when subject to both low and high compressive strain. 
Regression Model Parameters 
Similar behavioural characteristics were displayed in both injured and arthritic menisci in 
terms of differences between the regression model parameters and the differences in stiffness 
between the test orientations of each group, but the mechanical properties between the two 
pathologies differ significantly. The magnitude of the regression model parameters were 
significantly different between the two tissue pathologies with larger magnitudes of A 
occurring in injured menisci and larger magnitudes of B in arthritic menisci, in all three test 
orientations. The largest magnitude of parameter A occurred in the axial orientation in both 
tissue pathologies, with the smallest in the circumferential. The circumferential orientation 
provided the largest value for parameter B in both pathologies, the smallest in the axial, 
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Figure 7.28 Regression model parameters A and B; dependence upon orientation and pathology. 
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Pathology Orientation A (± SD) B (± SD) 
Axial (N=55) 2.330 (±2.903) 8.431 (±3.188) 
[0.391] [0.430] 
Circumferential (N=12) 0.322 (±0.406) 15.500 (±5.360) 
[0.117] [1.550] 
Radial (N=13) 1.883 (±2.066) 10.550 (±3.730) 
[0.573] [1.030] 
Axial (N=79) 0.634 (±0.855) 11.133 (±5.311) 
[0.096] [0.598] 
Circumferential (N=25) 0.108 (±0.195) 18.120 (±6.590) 
[0.039] [1.320] 
Radial (N=28) 0.235 (±0.490) 15.504 (±4.584) 
10.0931 10.8661 
Table 7.20 Regression model parameters A and B; dependence upon orientation and pathology. 
The calculated values of AB and AB  were significantly greater for injured menisci compared 
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Figure 7.29 Calculated values of AB and AB2; dependence upon orientation and pathology. 
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Pathology 	 Orientation 	AB (± SD) A& 	(± SD) 
[SEM] [SEM] 
Axial (N=55) 	15.26 (±16.03) 112.20 	(±119.20) 
[2.16] [16.10] 
Circumferential (N=12) 	3.89 (±3.46) 57.60 	(±58.00) 
[1.00] [16.70] 
Radial (N13) 	17.86 (±15.70) 194.60 	(±195.40) 
[4.35] [54.20] 
Axial (N=79) 	5.09 	(±5.71) 46.35 	(±54.61) 
[0.64] [6.14] 
Circumferential (N=25) 	1.55 	(±3.06) 23.90 	(±50.20) 
[0.61] [10.00] 
Radial (N28) 	2.06 	(±3.24) 22.73 	(±27.08) 
10.611 15.121 
Table 7.21 Calculated values of AB and AB2 ; dependence upon orientation and pathology. 
Axial 
In the axial orientation, highly statistically significant differences were found between 
regression model parameters of the arthritic menisci compared to those of the injured 
menisci. Parameter A for injured menisci was almost four times larger than that found for the 
arthritic tissue (p<0.000l)whilst parameter B was significantly less in arthritic menisci 
compared to injured menisci, (p<O.00I), Figure 7.30. Calculated values of AB and AB  were 
very highly statistically significantly larger for the injured menisci compared to the arthritic 
















Figure 7.30 Regression model parameters A and B; dependence upon pathology in the axial 
orientation. 
Circumferential 
In the circumferential orientation, parameter A was highly significantly larger in injured 
menisci than arthritic (p<0.005). No significant difference in the value of parameter B was 
found, Figure 7.31. Calculated values of AB (p<0.005) and AB  (P<0.00  I) were significantly 
lower for arthritic menisci compared to injured, Table 7.21. 
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Figure 7.32 Regression model parameters A and B; dependence upon pathology in the radial 
orientation. 
Material Properties 
Young's moduli calculated from the averages of the regression model parameters in the three 
orientations of both tissue pathologies are provided in Table 7.22. The values of Young's 
modulus (MPa) calculated as averages from calculations on the individual experimental 
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Figure 7.31 Regression model parameters A and B; dependence upon pathology in the 
circumferential orientation. 
Radial 
The regression model parameters of menisci tested in the radial orientation differed 
significantly with tissue pathology. Differences in the regression model parameters in the 
radial orientation were highly statistically significant forA which was larger in injured 
menisci (p<0.000I) and B which was larger in arthritic tissue (p<0.002), Figure 7.32. Similar 
to both the axial and circumferential orientations, values of AB and AB  were determined to 
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Young's modulus (MPa) at % strain from average parameter values 
Orientation 5% 10% 15% 20% 25% 30% 40% 	50% 
Axial (N=134) 29.94 45.64 69.58 106.06 161.67 246.43 572.60 	1330.47 
Circumferential (N=37) 10.83 23.51 51.04 110.79 240.48 521.98 2459.30 	11586.97 
Radial (N=40) 33.67 57.05 96.69 163.86 277.69 470.59 1351.53 	3881.56 
	
Axial (N=134) 	12.32 	21.49 	37.49 	65.42 114.14 199.16 	606.32 	1845.87 
Circumferential (N=37) 	4.84 	11.98 	29.65 	73.36 181.52 449.17 	2750.10 	16837.98 
Radial (N=40) 	7.91 	17.17 	37.28 	80.94 175.73 381.51 	1798.18 	8475.44 
Table 7.22 Young's modulus (MPa) calculated from average model parameters, strain 0-50%; 
dependance upon pathology and orientation. 
In all three orientations, a greater Young's modulus was determined in injured menisci 
compared to corresponding values from arthritic menisci, at strains of up to 35 percent. At 
strains above this level, Young's modulus becomes greater in arthritic menisci compared to 
the injured. 
The variation of the stress-strain relationship between both tissue pathologies, subject to 
compressive strains of 0 to 30 percent, is shown in Figure 7.33. For both pathologies, 
mensci in circumferential orientation has the lowest compressive strength when subjected to 
low compressive strain, with the axial and radial orientations significantly stiffer in both 
arthritic and injured menisci. However, in the injured menisci the radial orientation displays 
the greatest compressive strength, with axial the strongest in arthritic menisci. Injured tissue 
samples were significantly stiffer at low compressive strain than arthritic menisci. 
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Figure 7.33 Stress-strain behaviour at 0-30% strain; dependence upon pathology and 
orientation. 
In each of the three orientations, arthritic menisci displayed greater compressive strength and 
stiffness than injured menisci at strains greater than 45 percent. This change occurs at the 
same compressive strain in all three orientations, i.e. 45% ±2%. As compressive strain 
increases, circumferentially orientated meniscus gains in compressive strength and stiffness 
relative to the radial and axial, becoming the stiffest orientation in injured tissue at a strain of 
25 to 30 percent and at 20 to 25 percent in arthritic menisci. For injured menisci, axial 
samples become the least stiff of the three orientations at strains of between 15 and 20 
percent, with circumferential samples the stiffest in response to compressive loading at 35 
percent strain. As compressive strain increases in arthritic menisci, axially orientated menisci 
are the least stiff at strains circa. 15 to 20 percent, whilst at 25 percent the circumferential 
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samples are the stiffest. Figure 7.34 shows plots of the stress-strain relationship in the tissue 
types at strains of 0-60 percent. 
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Figure 7.34 Stress-strain behaviour at strains 0-60%; dependence upon pathology and 
orientation. 
Axial 
Subject to low strain, the compressive stiffness of injured menisci is very highly significantly 
stiffer than arthritic menisci in the axial orientation (p<0.0000I), Figure 7.35, and this 
difference in stiffness increases up to compressive strains of 30 percent. At this strain, 
arthritic menisci stiffen compared to the injured, but injured menisci maintain a higher 
compressive strength until a strain of 45 percent, Figure 7.35. Subject to strains greater than 
45 percent arthritic menisci is significantly stiffer than injured (p<0.00005). 
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Figure 7.35 Stress-strain behaviour in the axial orientation; dependence upon pathology. 
Circumferential 
Differences in meniscal behaviour due to pathology in the circumferential orientation were 
statistically significant only at low compressive strain. When subject to compressive strain 
up to 45 percent, injured menisci displayed greater compressive strength than arthritic, 
significant at strains up to 30 percent (p<O.00I). As compressive strain increased to 45 
percent and greater, arthritic menisci showed greater compressive strength and stiffness than 
corresponding injured tissue, Figure 7.36. 
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Figure 7.36 Stress-strain behaviour in the circumferential orientation; dependence upon 
pathology. 
Radial 
When subject to low compressive strain, injured menisci in the radial orientation was 
significantly stiffer and stronger than the corresponding tissue from arthritic menisci, 
(p<0.0001), Figure 7.37. The difference in strength and stiffness increased until strain 
approaches 30 percent, at which point arthritic menisci gains in compressive strength relative 
to the injured, becoming stiffer at a strain of approximately 42 to 45 percent, Figure 7.37. 
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Figure 7.37 Stress-strain behaviour in the radial orientation; dependence upon pathology. 
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Regional Variation 
Meniscal tissue was sectioned into five distinct regions, anterior, mid-anterior, central, mid-
posterior and posterior for compressive loading and statistically significant differences were 
found in the behavioural characteristics and mechanical properties in all five regions. I.e. the 
meniscus was found to be inhomogeneous with respect to circumferential location, for both 
tissue pathologies in all five orientations. 
The results and statistical analysis appears limited in parts due to the nature of samples 
received for testing. A far greater quantity of injured meniscal tissue tested originated from 
the anterior to middle regions of the meniscus. Therefore, experimental data concerning 
these regions outweighed that from the posterior. Material from the posterior became 
available but was generally of too poor a quality to be prepared for testing. 
Summary 
Injured menisci displayed no significant differences in the value of parameters A and B or 
calculated values of AB and AB  due to regional variation in any of three orientations tested. 
However, parameter B appears to decrease in magnitude from anterior to posterior regions in 
all three orientations of injured menisci. In axially orientated arthritic menisci, no significant 
differences were found in the values of parameters A and B, or calculated values of AB and 
AB 2 . However, parameter B and calculated AB and AB 2 were noted to decrease posteriorly 
through the meniscus. In both the circumferentially and radially orientated arthritic menisci, 
parameter A and calculated AB and AB  had greater values in the central to posterior regions 
with AB  significantly stiffer in the posterior regions. In the circumferential orientation, 
statistically significant differences were determined for parameter AB  between the mid-
anterior and the mid-posterior, p<0.05, and the posterior, p<O.OS regions. Menisci prepared 
in the radial orientation had calculated values of AB  significantly smaller in the anterior 
region compared to the posterior, p<O.OS, with the mid-anterior region significantly smaller 
than the central, p=O.OS,  mid-posterior, p<0.05, and posterior, p<0.0 1, regions. For the 
injured tissue, greater Young's moduli occurred in the anterior regions compared to the 
posterior regions, especially at compressive strains above 15 percent in the circumferential 
and radial orientation. In the arthritic tissue, the stiffness of axially orientated menisci 
decreased from the anterior regions through to the central region, with the posterior having a 
similar compressive strength to that of the anterior regions. In both the circumferential and 
Robert Moran 
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radial orientations, a decrease in stiffness from the central region to the posterior was 
highlighted, with these regions significantly stiffer than the anterior. 
Axial 
Regression Model Parameters 
Axially orientated injured menisci had the greatest value of parameter A in the mid-anterior 
and mid-posterior regions, with the smallest occurring in the central and posterior regions, 
Figure 7.38 and Table 7.23. Statistical significance was determined for parameter A between 
the anterior and mid-anterior (p<0.05), the mid-anterior and central region (P<0.01), and the 
middle and mid-posterior region (p<0.05). No significant differences were determined for 
parameter B, or calculated values of AB or AB 2 . 
In axially orientated arthritic menisci, no significant differences were found in the values of 
parameters A or B, or calculated values of AB or AB 2 , Table 7.23 and Table 7.24. However, 
parameter B and calculated values of AB and AB 2 were noted to decrease from anterior 
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Figure 7.38 Regression model parameters A and B; regional variation in the axial orientation. 
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AXIAL 	 Location A (±SD) B (±SD) 
[SEM] [SEMI 
A (N=16) 1.78 (±2.48) 8.63 (±2.24) 
[0.62] [0.561] 
MA (N= 13) 3.59 (±3.15) 7.27 (±2.29) 
[0.91] [0.662] 
C (N=12) 0.86 (±0.88) 9.77 (±4.45) 
[0.25] [1.290] 
- 	 MP (N=6) 3.40 (±2.63) 7.01 (±2.68) 
[1.07] [1.090] 
P (N=3) 1.00 (±0.18) 7.71 (±0.10) 
[0.13] [0.070] 
A (N= 18) 0.59 (±0.57) 12.24 (±6.98) 
[0.14] [1.69] 
MA (N=14) 0.53 (±0.74) 12.09 (±5.66) 
[0.20] [1.51] 
C (N=20) 0.64 (±0.63) 10.78 (±4.30) 
[0.14] [0.96] 
MP (N=10) 0.36 (±0.24) 8.88 (±1.75) 
[0.08] (0.55] 
P (N=18) 0.91 (±1.42) 11.00 (±5.63) 
[0.34] [1.33] 
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AXIAL 	 Location AB (±SD) AB (±SD) 
JEM] 
A (N=16) 12.50 (±15.03) 91.80 (±94.10) 
[3.76] [23.50] 
MA (N=13) 13.45 (±21.93) 163.70 (±163.70) 
[6.33] [47.30] 
C (N=12) 6.84 (±5.76) 60.40 (±46.20) 
[1.66] [13.30] 
MP (N=6) 18.69 (±11.79) 108.30 (±63.50) 
[4.82] [25.90] 
P (N=3) 7.67 (±1.30) 59.03 (±9.26) 
[0.92] [6.55] 
A (N=18) 5.49 (±5.78) 57.10 (±66.10) 
[1.40] [16.00] 
MA (N=14) 3.64 (±3.97) 30.79 (±30.86) 
[1.06] [8.25] 
C (N=20) 5.82 (±5.96) 58.00 (±68.70) 
[1.33] [15.40] 
MP (N=10) 2.97 (±1.74) 25.21 (±13.38) 
[0.55] [4.39] 
P (N=18) 6.22 (±7.63) 47.20 (±52.20) 
F1.801 112.301 
Table 7.24 Calculated values of AB and AB2; regional variation in the axial orientation. 
Material Properties 
Tissue stiffness appeared to decrease posteriorly in the axial orientation of both injured and 
arthritic menisci. In the injured menisci, the posterior region was the least stiff throughout, 
with a decrease noted through the anterior, central and posterior regions. However, the mid-
anterior and mid-posterior regions, whilst displaying a decrease in stiffness posteriorly, were 
significantly stiffer than all other regions under low strain. In the arthritic menisci, a 
significant decrease in stiffness was evident from anterior to mid-posterior region, however, 
the posterior was the stiffest region at strains less than 45 percent, and remained stiffer than 
the central region throughout the full range of compressive strain. Table 7.25 shows values 
of Young's modulus (MPa) calculated from average parameter values for the five regions 
tested in the axial orientation. 
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Young's modulus (MPa) at % strain calculated from average parameter values 
5% 10% 15% 20% 25% 30% 40% 50% 
A(N=16) 23.65 36.41 56.06 86.30 132.87 204.56 484.86 1149.24 
MA(N=13) 37.54 54.00 77.67 111.71 160.68 231.11 478.14 989.21 
C (N=12) 13.69 22.32 36.38 59.29 96.64 157.51 418.42 1111.53 
- 	MP (N=6) 33.84 48.04 68.21 96.85 137.50 195.22 393.51 793.23 
P(N=3) 11.34 16.67 24.51 36.04 52.99 77.91 168.43 364.13 
A(N=18) 13.32 24.56 45.29 83.52 154.02 284.03 965.92 3284.85 
MA (N=14) 11.73 21.47 39.29 71.92 131.63 240.93 807.14 2704.04 
C(N=20) 11.83 20.28 34.76 59.59 102.15 175.11 514.61 1512.33 
MP (N=10) 4.98 7.77 12.11 18.88 29.43 45.89 111.51 271.01 
P(N=18) 17.35 30.07 52.12 90.34 156.58 271.40 815.32 2449.37 
Table 7.25 Young's modulus (MPa); regional variation in the axial orientation. 
Injury 
For injured menisci subjected to compressive loading in the axial orientation, the posterior 
region displayed the lowest compressive strength of all the regions over the full range of 
strain. The posterior region was significantly weaker than the mid-anterior, p<0.05, at all 
strains up to 60 percent, and the anterior, p<0.05, at strains between 40 percent and 60 
percent. When subject to compressive strains of less than 50 percent, compressive strength 
decreased through the anterior, central and posterior regions. The mid-anterior and mid-
posterior were stiffer than all other regions at strains of 40 percent and below, with a distinct 
posterior decrease evident. At strains greater than 40 percent, tissue stiffness decreases from 
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Figure 7.40 Stress-strain behaviour of injured meniscus; regional variation in the axial 
orientation. 
Arthritic 
The compressive strength of arthritic menisci decreased from the anterior through to the mid-
posterior when subject to compressive loading over the full range of strain, Figure 7.41. The 
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mid-posterior was significantly weaker than the anterior region at strains greater than 10 
percent, p<0.05. At strains less than 30 percent, the posterior region displayed the greatest 
compressive strength. As compressive strain increased above 30 percent, the anterior 
increased in strength compared to the posterior region. Compressive strength in the posterior 
region was greater than the central at all compressive strains. I.e. the tissue extremities 
displayed greater compressive strength than the central region under all strains. 
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Figure 7.41 Stress-strain behaviour of arthritic meniscus; regional variation in the axial 
orientation. 
Circumferential 
Regression Model Parameters 
Circumferential injured meniscus displayed no significant differences suggesting regional 
variation within the values of regression model parameter A and B or calculated values of AB 
and AB 2, Figure 7.42 and Table 7.26. Results analysis was limited due to low sample sizes 
throughout the menisci, in particular the central (N=1) and posterior (N=O) regions. 
However, parameter B was noted to decrease posteriorly from a maximum in the anterior 
region, Figure 7.42 and Table 7.26. Circumferentially orientated arthritic menisci revealed 
significantly greater values of parameter A and calculated values of AB and AB  in the central 
and posterior regions, when compared to the other regions tested, Figure 7.43 and Table 
7.27. Statistical analysis revealed significance in the calculated value ofAB 2 between the 
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Figure 7.42 Regression model parameters A and B; regional variation in the circumferential 
orientation. 
CIRCUMFERENTIAL 	Location A (±SD) B (±SD) 
[SE 	I 
A(N=3) 0.260 (±0.120) 17.520 (±6.980) 
[0.067] [4.030] 




0.130 - 11.790 - 
MP (N=2) 1.150 (±0.260) 8.490 (±2.880) 
[0.183] [2.030] 
P(N=O) - - - - 
A (N=4) 0.028 (±0.051) 15.420 (±1.880) 
(0.025] (0.941] 
MA (N=2) 0.002 (±0.0002) 19.290 (±1.330) 
U [0.002] [0.943] 
C (N=6) 0.174 (±0.301) 16.780 (±5.260) 
[0.123] [2.150] 
MP (N=7) 0.166 (±0.218) 21.380 (±5.720) 
[0.083] [2.160] 
P (N=6) 0.061 (±0.100) 17.090 (±10.680) 
10.0411 14.3601 
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Figure 7.43 Calculated values of AB and AB2 ; regional variation in the circumferential 
orientation. 
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CIRCUMFERENTIAL 	Location AB (±SD) AB2 (±SD) 
A (N=3) 4.96 (±3.540) 103.30 (±98.300) 
[2.040] [56.700] 




1.56 - 18.40 - 
MP (N=2) 3.80 (±1.109) 81.20 (±36.400) 
[0.784] [25.700] 
P(N=O) - - - - 
A (N=4) 0.43 (±0.802) 6.82 (±12.670) 
[0.401] [6.330] 
MA (N=2) 0.03 (±0.008) 0.61 (±0.197) 
[0.006] [0.139] 
C (N=6) 2.33 (±4.660) 34.00 (±74.400) 
[1.900] [30.400] 
MP (N=7) 2.75 (±3.680) 46.10 (±63.100) 
[1.390] [23.800] 
P (N=6) 0.62 (±0.936) 6.91 (±8.510) 
10.3821 13.4701 
Table 7.27 Calculated values of AB and AB2 ; regional variation in the circumferential 
orientation. 
Material Properties 
Low numbers of tissue samples inhibited detailed analysis of the regional variation of 
circumferentially orientated meniscal tissue. However, the anterior region appeared stiffest 
throughout the full range of compressive strains in injured menisci, whilst this region was the 
least stiff throughout in the arthritic tissue. Table 7.28 details the values of Young's modulus 
(MPa) calculated from the average parameter values for the five regions of circumferentially 
orientated meniscus. 
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Youngs modulus (MPa) at % strain calculated from average parameter values 
5% 10% 15% 20% 25% 30% 40% 50% 
A(N=3) 10.94 26.27 63.07 151.45 363.68 873.29 5035.51 29035.35 
MA (N=3) 1.53 3.52 8.09 18.61 42.78 98.35 519.85 2747.74 
C (N=1) 2.76 4.98 8.98 16.20 29.21 52.67 171.23 556.70 
MP (N=2) 14.93 22.82 34.89 53.34 81.54 124.67 291.39 681.06 
P(N=O) - - - - - - - - 
A (N=4) 0.93 2.02 4.36 9.43 20.39 44.08 206.05 963.06 
MA (N=2) 0.08 0.21 0.56 1.46 3.84 10.06 69.26 476.68 
C (N=6) 6.76 15.63 36.18 83.72 193.73 448.31 2400.63 12854.99 
MP (N=7) 10.34 30.10 87.68 255.36 743.74 2166.11 18373.94 155856.1 
P (N=6) 2.45 5.76 13.53 31.80 74.75 175.67 970.31 5359.43 
Table 7.28 Young's modulus (MPa); regional variation in the circumferential orientation. 
Injury 
No statistically significant differences were found in circumferentially orientated injured 
meniscus due to regional variation. Due to the low numbers of test samples no firm 
conclusions may be drawn on whether a regional variation exists or not. However, the 
anterior region was shown to be the stiffest throughout the full range of strain, Figure 7.44. 
Figure 7.44 Stress-strain behaviour of injured meniscus; regional variation in the 
circumferential orientation. 
Arthritic 
The anterior regions of circumferentially orientated arthritic menisci displayed a low 
compressive strength throughout the full range of strain compared to all other regions. 
Compressive strength in the mid-posterior region was greater than all other regions 
throughout the full range of strain; significantly stiffer than the anterior, p<0.05, at strains of 
25 percent and above; and significantly stiffer than the mid-anterior and central regions, 
p<O.OS at strains of 40 percent and above. Figure 7.45 shows the stress-strain behaviour of 
arthritic tissue in the circumferential orientation. 
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Figure 7.45 Stress-strain behaviour of arthritic meniscus; regional variation in the 
circumferential orientation. 
Radial 
Regression Model Parameters 
Radially orientated injured menisci displayed no significant differences in the regression 
model parameters due to regional variation, however, parameter B appeared to decrease 
posteriorly, Figure 7.46. Results analysis was severely limited due to low numbers of test 
data. Radially orientated arthritic tissue displayed the largest values of A, AB and AB  in the 
central and posterior regions, Table 7.29 and Table 7.30. AB  had a significantly smaller 
value in the anterior region compared to the posterior (p<0.05), whilst mid-anterior AB 2 was 
significantly smaller than the central (p=0.05), mid-posterior (p<0.05), and posterior 
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Figure 7.46 Regression model parameters A and B; regional variation in the radial orientation. 
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A(N=2) 1.210 (±1.120) 16.590 (±3.360) 
[0.792] [2.370] 
MA(N=1) 0.120 - 11.740 - 
C (N=9) 2.540 (±2.390) 9.790 (±2.563) 
[0.844] [0.906] 
MP (N=1) 0.370 - 8.530 - 
P(N=O) - - - - 
A (N=6) 0.059 (±0.048) 14.910 (±4.350) 
[0.019] [1.780] 
MA (N=5) 0.014 (±0.017) 18.640 (±3.990) 
[0.008] [1.790] 
C (N=6) 0.301 (±0.651) 15.350 (±5.060) 
[0.266] [2.070] 
MP (N=7) 0.397 (±0.761) 14.360 (±5.390) 
[0.288] [2.040] 
P (N=4) 0.313 (±0.268) 14.720 (±3.810) 
F0.1341 F1.9001 
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Figure 7.47 Calculated values of AB and AB 2 ; regional variation in the radial orientation. 
RADIAL 	 Location AB (±SD) AB' (±SD) 
[SEM] [SEMI 
A (N=2) 22.00 (±22.60) 403.00 (±450.00) 
[16.00] [318.00] 
MA(N=1) 1.36 - 15.94 - 
C (N=9) 22.09 (±15.40) 205.40 (±109.40) 
.E [5.45] [38.70]  
MP (N=1) 3.12 - 26.58 - 
P (N=O) - - - - 
A(N-6) 0.80 (±0.75) 11.62 (±12.30) 
[0.31] [5.02] 
MA (N=5) 0.22 (±0.28) 3.64 (±5.04) 
[0.13] [2.26] 
C (N=6) 2.54 (±4.71) 24.30 (±33.00) 
[1.92] [13.50] 
MP (N=7) 2.97 (±3.90) 27.96 (±19.93) 
[1.47] [7.53] 
P(N=4) 3.96 (±3.18) 51.70 (±40.70) 
[1.59] (20.40] 
Table 7.30 Calculated values of AB and AB 2 ; regional variation in the radial orientation 

















0 	10 	20 	30 	40 
% Strain 
7.0 The Meniscus under Compression 
Material Properties 
Low numbers of test samples inhibited analysis of the regional variation of radially 
orientated injured meniscus. The anterior region proved the stiffest in injured menisci, 
though not statistically significant. The anterior regions of arthritic menisci were 
significantly less stiff than both the central and posterior regions, p<0.05, with a decrease in 
stiffness displayed posteriorly from the central region. 
Youngs modulus (MPa) at % strain calculated from average parameter values 
5% 10% 15% 20% 25% 30% 40% 50% 
A(N=2) 46.01 105.47 241.75 554.14 1270.19 2911.49 15297.13 80371.95 
MA (N=1) 2.53 4.56 8.20 14.74 26.52 47.69 154.28 499.07 
C (N=9) 40.57 66.19 107.99 176.18 287.44 468.96 1248.28 3322.68 
MP (N=1) 4.83 7.41 11.35 17.38 26.62 40.79 95.71 224.60 
P(N=O) - - - - - - - - 
A(N=6) 1.85 3.91 8.23 17.35 36.57 77.08 342.34 1520.53 
MA (N=5) 0.66 1.68 4.27 10.85 27.57 70.01 451.52 2912.05 
C (N=6) 9.95 21.44 46.20 99.53. 214.43 461.96 2144.09 9951.42 
MP (N=7) 11.69 23.97 49.14 100.75 206.57 423.53 1780.46 7484.78 
P (N=4) 9.62 20.08 41.92 87.50 182.67 381.33 1661.80 7242.02 
Table 7.31 Young's modulus (MPa); regional variation in the radial orientation. 
Injury 
Low numbers of test samples inhibited analysis of the regional variation of injured meniscal 
tissue in the radial orientation. Figure 7.48 shows the anterior region displayed a greater 
compressive strength throughout the full range of compressive strains. 
Figure 7.48 Stress-strain behaviour of injured meniscus; regional variation in the radial 
orientation. 
Arthritic 
The anterior regions of radially orientated arthritic meniscus were the weakest throughout 
the full range of compressive strain, with the central, mid-posterior and posterior regions 
significantly stiffer, p<0 . 05 , at strains less than 50 percent. The anterior regions begin to 
















7.0 The Meniscus under Compression 
increase in strength relative to the other regions at very high compressive strains greater than 
70 percent. Over the entire range of compressive strains, stiffness decreases posteriorly from 
the central region. 
Figure 7.49 Stress-strain behaviour of arthritic meniscus; regional variation in the radial 
orientation. 
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Men iscal Pair Variation 
Menisci procured for this study came from both the medial and lateral compartments of the 
knee joint cavity. The variation in the behavioural characteristics and mechanical properties 
of meniscal tissue due to the tissue originating from either the medial or lateral was 
investigated under compressive loading and significant differences determined. 
Due to the limited nature of the comparison of medial and lateral tissue within the five 
regions, due to lack of test samples, an initial comparison was performed neglecting to split 
the experimental results into their five distinct regions. Therefore, considering the test 
samples split into their respective pathological and orientation groups only, a comparison of 
the medial and lateral was made within the axial injury and arthritic, circumferential arthritic 
and radial arthritic groups. Insufficient data were available for the circumferential injury or 
radial injury groups of tests. This ensured that if significant variations existed they may be 
identified. Variations occurring within the five different regions of the meniscus were 
determined where possible - since regions lacking test samples from either the medial or 
lateral could not be compared - for each of the three test orientations in both injured and 
arthritic menisci. This highlighted specific regional variations caused by the meniscus 
originating from the medial or lateral. For injured menisci, a comparison could only be made 
in the central region of axially orientated tissue, since none of the other regions from any of 
the three orientations provided enough data for a suitable comparison analysis to be 
performed. A comparison of the results obtained for the medial and lateral menisci was 
possible in all five regions of arthritic menisci in the axial orientation, the anterior, central 
and posterior regions of circumferential tissue and the anterior region of radial. This 
systematic analysis ensured that any significant variations caused by the menisci being from 
the medial or lateral would be determined without relying on the original hierarchy of 
significant experimental factors. 
Fifteen samples of injured meniscal tissue were available for testing with only one from the 
lateral knee compartment. Four of the fifty tests completed in the axial orientation were from 
the lateral menisci, with no tests performed on lateral tissue in the circumferential (N=9) or 
radial (N=12) orientations. Nine medial and seven lateral arthritic menisci were available for 
testing, indicating that the medial compartment had been affected less by arthritis in the 
samples procured for this study. A comparison of medial and lateral menisci variations in the 
axial orientation was possible in all five regions, along with a comparison of the anterior, 
central and posterior regions of the circumferential and the anterior region of radial. Detailed 
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tables of data concerning the regression model parameters and material properties within 
specific regions of the meniscus are provided in Appendix C. 
Summary 
In axially orientated injured menisci, lateral menisci displayed greater values of parameter A 
and calculated AB and AB 2 than the medial, with a greater value of B occurring in the medial 
menisci. Lateral menisci were shown to be significantly stiffer than the medial at 
compressive strains up to 40 percent, with the medial stiffer than the lateral at strain greater 
than 40 percent. Data from injured menisci allowed a comparison to be made in the central 
region of axially orientated tissue, which had 10 medial and 2 lateral samples; none of the 
other regions from any of the three orientations provided enough data for comparisons to be 
made. In this region the variations highlighted above were once again evident, regression 
model parameter A and calculated values of AB and AB 2 were greater in the lateral menisci 
compared to the medial, whilst parameter B was greater in medial tissue. Subject to 
compressive strains of less than 40 percent, lateral tissue was stiffer than the medial, p<0.0I 
at strains of 20 percent and less, whilst medial tissue proved to be stiffer at strains of 40 
percent and above. 
Significant differences in the mechanical properties and behavioural characteristics were 
found in arthritic menisci tested in the axial plane, due differences between medial and 
lateral meniscus. In all three orientations, parameter A and calculated values of AB and AB  
had greater values in the lateral menisci compared with the medial, whilst parameter B had a 
greater value in the medial tissue. The effect of menisci being from the medial or lateral 
compartment also varied depending upon the regional location of the tissue. In the posterior 
regions (mid-posterior and posterior) of axially and circumferential ly orientated menisci, 
parameter A and calculated AB and AB 2 had greater values in the medial menisci as opposed 
to the lateral, with a greater value of B occurring in the lateral. Arthritic tissue from the 
lateral menisci was stiffer than medial in the anterior to central regions at strains of less than 
40 percent, in all three orientations, with the medial stiffer than the lateral menisci at strains 
greater than 40 percent in all the axial and radial orientations. The lateral tissue remained 
stiffer than the medial throughout the full range of compressive strain in the circumferential 
orientation. In the posterior regions of both axial and circumferential tissue, medial menisci 
proved to be stiffer than corresponding lateral tissue at compressive strains less than 30 
percent, with the medial stiffer at strains greater than 30 percent. No data were available for 
the radial posterior region. 
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Axial 
Regression Model Parameters 
Analysis of the axially orientated injured menisci highlighted significant differences between 
the results obtained for medial and lateral menisci. Lateral menisci displayed greater values 
of parameter A, and calculated values of AB and AB  than the medial, with a greater value of 
B occurring in the medial menisci. In the central region of the axially orientated samples 
(N=12), ten tests were performed on medial meniscal tissue with two from the lateral, which 
did not provide a statistically rigorous evaluation for comparison. However, the values of 
parameter A and calculated AB and AB 2 were greater in the lateral menisci than the medial 
with parameter B greater in the medial. No statistically significant differences were found for 
the regression models parameters or associated calculated values. 
Analysis of the axially orientated arthritic menisci highlighted significant differences 
between the results obtained for medial and lateral menisci. Thirty-two of the eighty samples 
tested from arthritic tissue in the axial orientation were from the lateral meniscus. Lateral 
menisci displayed greater values of parameter A, and calculated AB and AB  than the medial, 
with medial menisci having a greater value of parameter B, though not statistically 
significant. In the anterior (N=18, medial=] I, lateral= 7), mid-anterior (N=14, medial=9, 
lateral =5) and central regions (N=20, medial=]], lateral=9), parameter A and calculated AB 
and AB  were greater in lateral menisci than the medial. Parameter B was greater in the 
medial than corresponding values from the lateral meniscus. Statistical significance was 
determined in the mid-anterior region for A, p<0.05 (AM edja1=O.123 (±0.132) [0.044] and 
Ai.ageral .250 (±0.861) [0.3 85]), B, p<0.05 (BMed,a1I4.420 (±5.050) [1.680] and Bj epai 
=7.890 (±4.340) [1 .940]), AB, p<O.OS (AB MdI , 1.32 (±1.04) [0.36] and ABj 0j ra=7.82 
(±3.87) [1.73]) and AB 2 , p<0.05 (AB 2Media1 " 15.28 (±9.82) [3.27] and AB 21 a,crai=58.70 (±37.30) 
[16.701). In the mid-posterior (N=10, medial=6, lateral=4) and posterior (N=18, medial=11, 
lateral=7) regions, variations between the medial and lateral were reversed, with higher 
values of parameter A, and calculated values of AB and AB 2 occurring in the medial menisci 
and a larger value of parameter B in the lateral. The differences in the values of the 
parameters and calculated values between the medial and lateral menisci appear to increase 
posteriorly in these two regions. No statistical significance was determined for the posterior 
regions. 
Material Properties 
Under low compressive strain of less than 40 percent, lateral injured menisci displayed 
greater compressive strength and stiffness than the medial, statistically significantly p<0.0l 
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7.0 The Meniscus under Compressio 
at strains of 20 percent and less, with the medial menisci stiffer than lateral at strains greater 
than 40 percent, Figure 7.50. 
In the central region of the axially orientated menisci under low compressive strain of less 
than 40 percent, lateral menisci had greater strength and stiffness than the medial. The 
difference was statistically significantly p<0.0i at strains of 20 percent and less, with the 
medial stiffer than lateral tissue at strains greater than 40 percent. 
%Strain 	 %Strain 
Figure 7.50 Stress-strain behaviour of injured menisci; menisci variation in the axial 
orientation. 
In arthritic menisci, lateral tissue was stiffer at all strains below 40 percent with the medial 
stiffer at strains of 40 percent, statistically significant at strains up to 10 percent, p<0.05, and 
above. 
When subject to low compressive strains under 30 percent, lateral menisci displayed greater 
strength and was significantly stiffer, p<O.OS,  in the anterior to central regions than the 
medial, with the medial stiffer at strains greater than 30 percent. In the posterior regions, this 
pattern was reversed with medial menisci stiffer than lateral menisci at compressive strains 
less than 30 percent and weaker at strains greater than 30 percent. However, no statistical 




Figure 7.51 Stress-strain behaviour of arthritic menisci; menisci variation in the axial 
orientation. 
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Circumferential 
Regression Model Parameters 
Analysis of the circumferentially orientated arthritic menisci highlighted significant 
differences between the results obtained for the medial and lateral menisci. Eight of the 
twenty-five circumferential test samples originated from the lateral meniscus. Lateral 
menisci displayed greater values of parameter A, and calculated AB and AB  than the medial, 
with a greater value of B found in medial menisci. Regional comparisons were possible in 
the anterior (N=4, medial =2, lateral =2), central (N=6, rnedial=4, lateral =2 ) and posterior 
(N=6, medial=3, lateral =3 ) regions. Parameter A and calculated AB and AB  were greater in 
lateral menisci in the anterior to central regions, with parameter B was greater in the medial. 
In the posterior region parameter B was greater in the lateral, with parameter A and 
calculated AB and AB 2 greater in medial tissue. No statistical significance was determined. 
Material Properties 
At all strains, lateral arthritic menisci displayed greater compressive strength and tissue 
stiffness than the medial. No statistically significant differences were found. 
Lateral meniscal tissue proved stiffer than medial over the full range of compressive strain in 
the anterior to central regions. However, in the posterior regions, medial menisci was stiffer 
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Figure 7.52 Stress-strain behaviour of arthritic menisci; menisci variations in the 
circumferential orientation. 
Radial 
Regression Model Parameters 
Analysis of radially orientated arthritic menisci highlighted significant differences between 
the results obtained for the medial and lateral samples. Five out of the twenty-eight radial 
test samples were from lateral menisci. Lateral menisci displayed greater values of parameter 
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7.0 The Meniscus under Compression 
A and calculated AB and AB 2, with parameter B similar in both the medial and lateral. Only 
the anterior (N=6, ,nedial=4, laterai=2) region provided sufficient test data to enable a 
comparison of medial and lateral menisci. No significant differences were found between the 
parameters due to the menisci originating from the medial or lateral meniscus. However, 
greater values of parameter A and calculated AB and AB 2 were determined in the anterior 
region of lateral menisci, with parameter B greater in the medial. 
Material Properties 
Over the full range of strain, lateral arthritic tissue was stiffer and provided a greater 
compressive strength than the medial. No statistically significant differences were found, 
Figure 7.53. 
In the anterior region, lateral menisci was stiffer than the medial at strains less than 40 




Figure 7.53 Stress-strain behaviour in arthritic menisci; menisci variation in the radial 
orientation. 
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Knee Variations 
Menisci procured for this study came from both the right and left knees of patients. The 
variation in behavioural characteristics and mechanical properties of meniscal tissue due to 
the menisci originating from either right or left knee was determined under compressive 
loading and significant differences determined. 
Due to the limited nature of test samples, variations within each of the three test orientations 
in both injured and arthritic menisci were investigated, along with differences within the five 
distinct regions and medial and lateral groups, where sufficient data permitted. A lack of test 
data in some regions precluded some analysis. 
A comparison of the right and left knee menisci was made within axially orientated injured 
and arthritic menisci, circumferentially orientated injured and arthritic menisci and radially 
orientated arthritic menisci. Analysis was also possible in the anterior (and anterior medial), 
mid-anterior (and mid-anterior medial) and central (and central medial) regions of axially 
orientated injured menisci, within all five regions and specific medial and lateral sub-groups 
of axially orientated arthritic menisci, the posterior region of circumferential ly orientated 
menisci and the anterior and posterior regions of radial menisci. 
Four of the fifteen injured menisci procured for this study originated from the left knee of 
patients, which six left knee and right knee menisci were procured from arthritic knees. 
Detailed tables of data concerning the regression model parameters and material properties 
of specific regions of the meniscus are provided in Appendix C. 
Summary 
Significant differences were found in the mechanical properties and behavioural 
characteristics of the meniscus in the axial orientation due to the knee (right or left) from 
which the menisci originated. In injured menisci tested in the axial and circumferential 
orientations, parameter A and calculated AB and AB 2 were greater in right knee menisci, 
compared to that of the left with parameter B significantly greater in left knee menisci. In the 
anterior region of axial menisci, tissue stiffness was greatest in right knee samples compared 
to the left at strains less than 50 percent, with left knee menisci stiffer at strains greater than 
50 percent. Right knee meniscal tissue was stiffer under low strains in both the mid-anterior 
and central regions, with the left knee becoming stronger and stiffer than the right at 
progressively lower strains; 40 percent in the mid-anterior and 15 percent in the central 
region. In the circumferential plane, tissue from the right knee menisci was stiffer over the 
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full range of compressive strain. No tissue from the left knee was tested in the radial 
orientation. 
In all three orientations of arthritic menisci, parameter A and calculated AB and AB  were 
significantly greater in left knee menisci than the right. Meniscal tissue displayed 
significantly greater strength and stiffness in left knee samples subject to less than 40 percent 
strain, with right knee tissue significantly greater at compressive strains above 40 percent. 
Significant differences were found within the regions of axially and radially orientated 
menisci. In the anterior region of axially prepared arthritic menisci, tissue from the right 
knee was significantly stiffer at all strains, with no variations shown due to the tissue 
originating from medial or lateral meniscus. In the mid-anterior region, tissue from the right 
knee was stiffer than the left at all strains over 15 percent, with the left knee menisci stiffer 
below this strain. This was also found within the lateral-only samples, but in medial menisci 
left knee tissue was stiffer at strains up to 50 percent. Menisci from the left knee in the 
central region were stiffer at strains below 80 percent. In the medial only samples, left knee 
mensci were only stiffer at strains below 40 percent, but stiffer than right knee menisci in 
the lateral throughout. Compressive strength and stiffness in right and left knee menisci was 
similar at strains below 30 percent in the mid-posterior region, with right knee tissue stiffer 
at strains greater than 30 percent. No differences were determined in the medial and lateral 
specific sub-groups. In the posterior region, and the posterior lateral only samples, left knee 
menisci were significantly stiffer at strains less than 50 percent, with right knee menisci 
stiffer above this value. However, in the medial only tissue samples from the left knee was 
stiffer throughout the full range of strain. Circumferential tissue was significantly stiffer in 
right knee menisci at compressive strains under 40 percent, with the right knee significantly 
stiffer thereafter. In the posterior regions, left knee menisci were stiffer under low 
compressive strain, with the right knee stiffer at strains of 80 percent in the mid-posterior 
and 20 percent in the posterior. In the radial orientation, left knee menisci were significantly 
stiffer than the right knee at strains under 40 percent, with the right knee stiffer at strains 
greater than 40 percent. In the anterior region, left knee menisci was stiffer throughout the 
full range of strain, but only stiffer below 25 percent in the mid-posterior. In the posterior 
region the right knee menisci were stiffer throughout. 
Axial 
In the axial orientation, ten of the fifty tests were completed on injured men iscal tissue from 
the left knee. Significant variations in the regression model parameters, calculated values and 
stress-strain behaviour of injured meniscal tissue were determined dependant upon the knee 
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from which the meniscus originated. Parameter A, p<O.OI, and calculated values of AB, 
p<0.05, and AB2,p<0.025, were significantly greater in the right knee menisci compared to 
that determined in the left knee. Parameter B was significantly greater in the left knee, 
p<O.Ol. In the anterior, mid-anterior and central regions of axially orientated injured menisci, 
parameter A and calculated values of AR and AB  were greater in tissue originating from the 
right knee, with parameter B greater in the left knee. In the mid-anterior medial tissue, 
parameter A was significantly greater in right knee menisci, p<0.025, and parameter B 
statistically significantly greater in left knee tissue, p<0.0005. 
Almost 50 percent of the axial tests performed on arthritic menisci were on left knee 
menisci, (thirty-nine from a total of eighty). In the axial orientation, significant differences 
were determined between the values of parameters A and B and the stress-strain behaviour of 
arthritic meniscal tissue for right and left knee samples. Parameter A, p<0.005, calculated 
AB, p<0.005, and AB 2,p<0.005, were significantly greater in left knee menisci compared to 
the right knee, with parameter B greater in right knee menisci, p<0.0 1. Parameter B was 
greater in magnitude in right knee menisci when compared to relative positions from the left 
knee throughout all regions, significant in the anterior, p<0.03, central, p<0.05, and the 
posterior, p<0.05, regions. AB and AB2  tended to be larger in the right knee. In the anterior 
region right knee menisci had greater values of both regression model parameters A and B 
and hence, calculated values of AB and AR2 . If we consider the medial and lateral menisci 
separately, then for both groups, parameter B and calculated AB and AB  were greater in 
menisci from the right knee, with parameter A greater in the left knee of medial menisci and 
greater in the right knee of lateral menisci. In the mid-anterior region, parameter A and 
calculated AB were greater in left knee menisci, with parameter B and AB  greater in the 
right knee. For both medial and lateral specific samples, parameter A and calculated AB and 
AB2 were greater in the left knee, parameter B greater in right knee menisci. In the central 
region, significant differences were found for parameter A (p<0.005) and calculated values 
of AB and AB  (p<0.05) which were significantly greater in the left knee with parameter B 
significantly greater in right knee menisci, p<O.OS. For separate medial and lateral samples, 
parameter B and calculated AB and AB  were greater in the left knee tissue of both menisci. 
However, parameter B was greater in the left knee of lateral samples whilst being 
significantly greater in the right knee, p<0.05,  of medial menisci. In the mid-posterior region, 
no significant differences were found with parameters A and calculated values of AR and AB  
similar in both right and left knee menisci. Parameter B was greater in the right knee than the 
left, but not statistically significant. In the posterior region, parameters A and calculated AB 
and AB  were significantly greater in left knee menisci, p<0.005, with parameter B greater in 
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the right. No variation was found between parameter values for the medial and lateral 
samples in this region. 
Material Properties 
Right knee injured menisci displayed greater compressive strength and stiffness when 
subject to strains of less than 30 percent, significant at strains less than 20 percent, p<0.05. 
At strains of 30 percent and greater, meniscal tissue from the left knee provided greater 
compressive strength and stiffness than right knee menisci, significant at strains greater than 
60 percent, p<0.05, Figure 7.54. 
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Figure 7.54 Stress-strain behaviour of injured menisci; knee variation in the axial orientation. 
In the anterior region, tissue from the right knee was stiffer than corresponding left knee 
menisci at strains lower than 50 percent, with left knee menisci greater at strains above 50 
percent. Tissue from right knee menisci displayed greater strength and stiffness when subject 
to low strains in both the mid-anterior and central regions but for progressively lower strains, 
with left knee menisci stiffer than the right at strains greater than 40 percent in the mid-
anterior and 15 percent in the central region. No statistically significant differences were 
found. 
Under strains of less than 30 percent, compressive strength and stiffness in left knee menisci 
was greater than right knee menisci, p<O.OS. At compressive strains of 30 percent and above, 
right knee menisci was stiffer than corresponding tissue from the left knee. 
When subject to low compressive strain of less than 20 percent, left knee menisci from 
arthritic knees displayed a greater strength and stiffness than corresponding samples from the 
right knee, with right knee menisci greater at larger strains, Figure 7.55. 
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Figure 7.55 Stress-strain behaviour of arthritic menisci; knee variation in the axial orientation. 
In the anterior region, compressive strength and stiffness from right knee menisci was 
greater than left knee menisci at all strains, significant at strains of 30 percent and greater, 
p<0.05. Right knee menisci were stiffer than the left throughout the full range of strain for 
both medial and lateral, but no significant differences were determined. In the mid-anterior 
region, tissue from left knee menisci displayed greater strength and stiffness than that of the 
right knee at very low compressive strains, less than 15 percent, with the right knee tissue 
stiffer at all strains greater than this. When subject to low strain, tissue in both the medial and 
lateral specific groups proved stiffer from the left knee than that from the right. Menisci from 
the right knee were stiffer at strains of 50 percent and greater in the medial samples and 15 
percent and greater in the lateral. In the central region, left knee menisci had greater 
compressive strength and stiffness at all strains less than 80 percent, significant at strains less 
than 20 percent, p'<O.OS compared to the right knee. Tissue from the left knee was stiffer than 
the right at all compressive strains in the lateral only samples, but only stiffer at strains lower 
than 40 percent, (significant at strains less than 20 percent, p<O.OS), in the medial menisci, 
with the left knee stiffer at strains of 40 percent and above. In the mid-posterior region of the 
meniscus, tissue strength and stiffness was similar at strains less than 30 percent, with right 
knee menisci stiffer at strains greater than 30 percent. No difference was found between 
medial and lateral samples in this region. Tissue from the posterior region of the left knee 
menisci displayed significantly greater strength and stiffness - than tissue from the posterior 
region of the right knee at strains less than 50 percent, p<O.OS,  with tissue from the right 
knee stiffer at greater strains. Left knee menisci proved stiffer at all strains in the medial only 
samples, statistically significant, p<O.OS,  at strains less than 60 percent, and stiffer at strains 
less than 50 percent in the lateral samples. At strains of 50 percent and above, right knee 
menisci were stiffer in the posterior region of lateral samples. 
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Circumferential 
Regression Model Parameters 
Significant variations in the mechanical properties and stress-strain behaviour of injured 
circumferentially orientated meniscal tissue were determined. Three of the nine compressive 
tests were performed on tissue from the left knee. Parameter A was significantly stiffer in 
menisci originating from the right knee than that from the left, p <0.05, with parameter B 
greater in the left knee, but not statistically significant. Calculated values of AB and AB  both 
had significantly greater values in menisci from the right knee, p<0.05. 
Significant differences were determined in the mechanical properties and stress-strain 
behaviour of arthritic meniscal tissue due to the knee from which the menisci originated 
from in the circumferential orientation. Twelve of the twenty-five tests were performed on 
menisci from the left knee. Parameter A and calculated values of AB and AB  were 
significantly greater in the left knee menisci, p<0.05, when compared to those determined for 
the right knee. Parameter B was greater in right knee menisci, but not statistically significant. 
In the mid-posterior and posterior regions of arthritic circumferential tissue, parameter A and 
calculated AB and AB  were greater in the left knee, with parameter B greater in the right 
knee. Within the mid-posterior region, a comparison of the right and left knee variations in 
mechanical properties was possible within the medial specific samples. Regression model 
parameter A and calculated values of AB and AB  were greater in left knee menisci with 
parameter B greater in the right knee. 
Material Properties 
Tissue from the right knee of injured menisci displayed greater compressive strength and 
stiffness over the full range of compressive strain, significantly stiffer than that of the left 
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Figure 7.56 Stress-strain behaviour of injured menisci; knee variation in the circumferential 
orientation. 
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7.0 The Meniscus under Compression 
Arthritic menisci tested from the left knee proved to have a greater strength and stiffness 
than right knee samples, subject to compressive strains under 40 percent, significantly stiffer 
at strains up to 15 percent p<0.01. Right knee menisci was stiffer at strains of 40 percent and 
greater, Figure 7.57. 
Figure 7.57 Stress-strain behaviour of arthritic menisci; knee variation in the circumferential 
orientation. 
In the posterior regions when subject to low strain, left knee menisci had greater compressive 
strength and stiffness than that tested from the right knee for both regions. However, right 
knee menisci became stiffer at strains above 80 percent in the mid-posterior and at strains of 
20 percent and greater in the posterior regions. 
Radial 
The effect of meniscal tissue originating from the right or left knee could not be investigated 
in the radially orientated injured tissue in this study due to a lack of test data. Of the 12 tests 
performed, none were on left knee menisci. 
Significant differences were determined in the mechanical properties and behavioural 
characteristics of arthritic meniscal tissue due to the knee that the tissue originated from in 
the radial orientation. Eleven of the twenty-nine radial tests were performed on menisci from 
the left knee. Parameter A and calculated values of AB and AB  were significantly greater in 
left knee menisci, p<0.0 1, with parameter B greater in the right knee menisci. In the anterior 
and mid-posterior regions of radial arthritic menisci, parameter A was greater in samples 
from the left knee, with parameter B and calculated values of AB and AB  greater in the right 
knee. In the posterior region both parameters A and B and the calculated values of AB and 
AB 2 were greater in tissue from the right knee. 
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Material Properties 
Menisci tested from the left knee was significantly stiffer than right knee samples when 
subject to compressive strains under-40 percent, p<0.05,  with the right knee menisci stiffer at 
strains of 40 percent and greater. 











Figure 7.58 Stress-strain behaviour of arthritic menisci; knee variations in the radial 
orientation. 
Menisci from the left knee were stiffer at all strains in the anterior region, but only stiffer at 
compressive strains below 25 percent in the mid-posterior region, with the right knee 
menisci stiffer at strains of 25 percent and above. However, in the posterior region menisci 
from the right knee were stiffer at all compressive strains. 
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Gender Variations 
Menisci procured for this study came from both male and female patients. The variation in 
behavioural characteristics and mechanical properties of meniscal tissue due to the menisci 
originating from male or female patients was determined under compressive loading and 
significant differences found. 
Due to the limited nature of test samples, variations within each of the three test orientations 
in both injured and arthritic menisci were investigated, along with differences within the five 
different regions, medial and lateral menisci groups, right and left knee and specific meniscal 
tissue where experimental data permitted. 
A comparison of male and female menisci was made within axially, circumferentially and 
radially orientated injured and arthritic menisci. Analysis was also possible within the 
anterior, mid-anterior and central regions of axially orientated injured menisci, and all five 
regions of axially orientated arthritic menisci, the anterior, central and posterior regions of 
circumferentially arthritic menisci and the anterior, mid-posterior, central and mid-posterior 
regions of radially orientated arthritic menisci. No further analysis was possible. 
Four of the fifteen injured menisci were from female subjects, whilst ten of the fifteen 
arthritic menisci were from female patients. Detailed tables of data concerning the regression 
model parameters and material properties within specific regions of the meniscus are 
provided in Appendix C. 
Summary 
Significant differences were found in the mechanical properties and behavioural 
characteristics of the meniscus due to the gender of the patient. In injured menisci, female 
tissue displayed greater compressive strength and stiffness than male throughout in the axial 
orientation, with male tissue stiffer than female in the circumferential. In the radial 
orientation, tissue stiffness and strength was greater in male menisci throughout all 
compressive strains, significant at strains less than 15 percent. 
In arthritic menisci, female tissue displayed greater strength and was significantly stiffer than 
male menisci under 15 percent strain, with male tissue stiffer at strains greater than 1 5 
percent in the axial orientation. Tissue stiffness and strength in the circumferential 
orientations was significantly greater in the female menisci throughout, significant at strains 
40 percent. When subject to strain under 40 percent in the radial orientation, female menisci 
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displayed greater strength and stiffness than male, with the male menisci stiffer thereafter, 
significant at strains greater than 60 percent. 
Axial 
Regression Model Parameters 
Thirty-seven of the fifty injured axial meniscal samples originated from male patients. There 
were no significant differences between male and female menisci found in the values of 
parameter A and B and subsequently calculated values of AB and AB 2, with all values 
comparable, and detailed in Appendix C. Within the anterior and mid-anterior regions, 
parameter A was greater in male menisci, but greater in female menisci in the central regions 
Parameter B was greater in male menisci in the mid-anterior region, but less than female 
menisci in the anterior and central regions. Calculated values of AB and AB  were greater in 
male menisci in the anterior and mid-anterior regions, but greater in female menisci in the 
central regions. No significant differences were determined. 
Twenty-seven of the eighty tests on arthritic menisci were performed on tissue from male 
patients. Parameter A was significantly greater in female menisci compared to male, p<OOI, 
with parameter B significantly greater in male menisci, p<0.0I. Both calculated values of AB 
and AB 2 were greater in female tissue, AB statistically significant atp<0.02. Parameter B was 
larger in male tissue compared to female throughout all regions and significant in the 
anterior, p<0.0 1, and posterior, p<0.05,  regions. Parameter A and calculated AB and AB  
were larger in female tissue for all regions except the mid-anterior, where AB  was greater in 
the posterior region. 
Material Properties 
Tissue stiffness and compressive strength in the injured menisci was greater in female tissue 
at all compressive strains, but displayed no statistically significant differences between male 
and female menisci, Figure 7.59. 
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Figure 7.59 Stress-strain behaviour of injured menisci; gender variations in the axial 
orientation. 
For arthritic menisci, tissue stiffness and compressive strength was greatest in the female 
samples at strains less than 20 percent and female menisci was significantly stiffer than male 
at strains under 15 percent strain, p<0.05,  Figure 7.60. At compressive strains of 20 percent 
and over male tissue was stiffer than female menisci, significant at strains greater than 70 
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Figure 7.60 Stress-strain behaviour of arthritic menisci; gender variation in the axial 
orientation. 
Circumferential 
Regression Model Parameters 
No significant differences were determined in circumferentially orientated injured menisci 
(female N=1) due to a lack of test data. 
Eight of the twenty-five compressive tests performed on circumferentially orientated arthritic 
menisci were from male patients. Both parameters A and B and calculated values of AB and 
AB 2  were greater in the female tissue, but no significant differences were found. Parameter B 
was found to be greater throughout in male samples, but no statistically significant 
differences were found. No regional variations were determined. 



























7.0 The Meniscus under Compression 
Material Properties 
Injured tissue stiffness and compressive strength was greatest in male menisci throughout the 
full range of compressive strain, but not statistically significant, Figure 7.61. 
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Figure 7.61 Stress-strain behaviour of injured menisci; gender variations in the circumferential 
orientation. 
Compressive strength and tissue stiffness in the arthritic menisci was greatest in the female 
menisci throughout all compressive strains, statistically significant at strains above 40 
percent, p<0.05, Figure 7.62. 
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Figure 7.62 Stress-strain behaviour of arthritic menisci; gender variation in the circumferential 
orientation. 
Radial 
Regression Model Parameters 
No significant differences were determined in injured menisci prepared in the radial plane 
(female N=2) due to a lack of test data. Of the twelve compressive tests performed on 
radially orientated menisci, only two were from female patients. Parameters A and B had 
greater values in the male tissue, though not statistically significant. Calculated values of AB 
and AB 2 were significantly greater in the male menisci compared to the female tissue, 
p<0 . 05 . 
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Fourteen of the twenty-eight radially orientated tests on arthritic menisci were performed on 
male menisci. Parameter A was greater in female tissue when compared to male, though not 
statistically significant, whilst parameter B was significantly greater in the male tissue, 
p<0.005. Calculated values of AB and AB  were greater in female tissue than male. No 
regional variations were determined. 
Material Properties 
Compressive strength and tissue stiffness was greater in male menisci throughout the full 
range of compressive strain, significantly greater than female menisci at strains less than 15 
percent, p<0.05, Figure 7.63. 
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Figure 7.63 Stress-strain behaviour of injured menisci; gender variation in the radial 
orientation. 
Compressive strength and tissue stiffness was greater in arthritic tissue in female menisci 
compared to male when subject to compressive strains under 40 percent, but at strains 
greater than this, male tissue was stiffer, statistically significant at strains greater than 60 
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Figure 7.64 Stress-strain behaviour of arthritic menisci; gender variation in the radial 
orientation. 
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Age 
The effect of age on the model parameters A and B, calculated values of AB and AB 2 , and 
Young's moduli at strains of 0-90 percent was investigated, using regression and trend 
analysis techniques. The age ranges of the two tissue pathology groups meant that in general, 
the injured samples provided information regarding the lower ages, range of the samples was 
20-61 years, the mean 32 years, and the arthritic tissue provided details concerning the 
higher ages, range 41-82 years, mean 66 years. Figure 7.65 displays a dotplot showing the 
age range of patients from each of the two pathologies. 
Dotplot displaying Age Range of Patients 
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Figure 7.65 Age range of patients in the two pathology groups; compression testing. 
Axial 
Across the full range of axially orientated meniscal samples, regression model parameters A 
and B showed significant linear trends with increasing age; parameter A decreased 
significantly, p<0.000 1, and parameter B increased significantly, p<0.05, Figure 7.66. 
Calculated values of AB and AB  tended to decrease significantly with increasing age, 
p<0.000 1. Within the injured tissue, parameter A tended to increase and parameter B 
decreased significantly, p<0.05, with increasing age, Figure 7.66. Calculated values of AB 
and AB 2  both tended to decrease with increasing age but not significantly. Axially orientated 
arthritic tissue showed a decrease in the values of A, B, AB and AB  with increasing age, but 
were not statistically significant, Figure 7.66. 
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Figure 7.66 Regression model parameters A and B and calculated values of AB and AB2 ; trends 
with age in the axial orientation. 
Meniscal tissue stiffness tended to decrease with increasing age at compressive strains up to 
40 percent. Menisci showed a significantly linear decrease in tissue stiffness with increasing 
age at strains up to 25 percent, p<0.0 1. At strains above 40 percent tissue stiffness increased 
with increasing age, but no statistical significance was noted, Figure 7.67. Within the injured 
samples, tissue stiffness tended to decrease with increasing age throughout all compressive 
strains, but no statistical significance was determined, whilst within the arthritic samples 
tissue stiffness showed a non-significant decrease throughout all compressive strains with 
increasing age, Figure 7.67. 
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Figure 7.67 Young's modulus (MPa) at compressive strains of 10%, 20%,30% and 40%; trends 
with age in the axial orientation. 
Circumferential 
Throughout the full range of tissue samples, circumferentially orientated menisci showed a 
significant linear decrease in the value of parameter A, p<0.05, and an increase in the value 
of parameter B with increasing age, Figure 7.68. Both values of calculated AB and AB  
displayed a significant linear decrease in value, p<0.05, with increasing age, Figure 7.68. 
Increasing patient age within the injured menisci tended to cause an increase in the values of 
parameters A and B and calculated value of AB and AB 2, with a significant linear increase 
displayed in the value of AB, p<0.05, Figure 7.68. Circumferentially orientated arthritic 
menisci displayed decreasing values of A, B, AB and AB  with increasing age, with a 
significant linear decrease found in the value of AB and AB 2,p<0.05, Figure 7.68. 
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Figure 7.68 Regression model parameters A and B and calculated values of AB and AB 2;  trends 
with age in the circumferential orientation. 
Tissue stiffness decreased with increasing age at compressive strains less than 50 percent. A 
significant linear decrease was shown at strains less than 15 percent, p<0.05, Figure 7.69. 
When subjected to compressive strains of 50 percent and greater, circumferentially 
orientated menisci tended to increase with increasing age, but were not statistically 
significant. The tissue stiffness of injured menisci tended to increase with increasing age at 
all compressive strains, with a linear increase shown for strains under 10 percent. Subject to 
compressive strains of less than 40 percent within the arthritic menisci, tissue stiffness 
tended to decrease with advancing age, showing a significant linear decrease when subject to 
compressive strains of 20 percent and less, p<O.OS, Figure 7.69. At strains above 40 percent, 
meniscal tissue tended to increase in stiffness with advancing age, but not linearly 
significant. 
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Figure 7.69 Young's modulus (MPa) at compressive strains of 10%, 20%, 30% and 40%; trends 
with age in the circumferential orientation. 
Radial 
Radially orientated menisci displayed very highly significant linear trends in the values of 
parameters with increasing age. Parameter A and calculated AB and AB  decreased linearly 
with increasing age, p<0.000 1, whilst parameter B increased linearly, p<0.000 1, across the 
full range of patient ages, Figure 7.70. Parameter A and calculated values of AB and AB 2 
tended to decrease with increasing age in radial injured tissue, with parameter B increasing. 
No significant linear trends were determined, Figure 7.70. Radial arthritic tissue displayed 
significant linear trends with increasing age parameter A decreasing linearly, p<0.05, and 
parameter B increasing linearly, p<0.000 1. Calculated values of AB and AB  decreased with 
increasing age but showed no significant linear trend, Figure 7.70. 
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Figure 7.70 Regression model parameters A and B and calculated values of AD and AB2 ; trends 
with age in the radial orientation. 
Tissue stiffness across the full range of menisci tested in the radial orientation tended to 
decrease with increasing age when subject to the full range of compressive strains, showing a 
significant linear decrease at strains less than 20 percent, p<0.05, Figure 7.71. The tissue 
stiffness of injured menisci decreased with increasing age at compressive strains of less than 
20 percent, and increased at strains greater, but showed no significant linear trend, Figure 
7.7 1 - Arthritic meniscal tissue stiffness decreased with advancing age at compressive strains 
less than 15 percent, and increased at strains greater than 15 percent. A significant linear 
increase in tissue stiffness was found at compressive strains of 25 percent to 40 percent, 
p<O.OS, Figure 7.71. 
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Figure 7.71 Young's modulus (MPa) at compressive strain of 10%, 20%,30% and 40%; trends 
with age in the radial orientation. 
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7.2 Discussion 
This section was aimed at the determination of the compressive stress-strain characteristics 
and material properties of the human knee joint menisci. Test specimens orientated axially, 
circumferentially and radially relative to the tibial plateau and gross geometry of the 
meniscus were prepared from different regions and locations and tested under unconfined 
compression from zero load up to RN. Menisci came from two distinct pathological groups, 
trauma/injury and osteoarticular disease, and from both compartments of the knee (medial 
and lateral menisci), both knees (right and left) and from patients of both genders. Non-linear 
regression analysis was performed to curve fit the stress-strain relation for each specimen to 
an appropriate mathematical model. The necessary parameters to define this relation were 
found. The material property of tangent Young's modulus at various compressive strains was 
determined. 
The meniscus has been shown to exhibit non-linear behaviour when subject to compression 
[Brantigan and Coshel, 1941, Bul lough et a!, 1970, Fithian et a!, 1989, Hacker et a!, 1992, 
Mow et al, 1980, Mow et al, 1987] and the evidence of this study confirms this finding. 
Figure 7.72 shows a schematic representation of the stress-strain curve for meniscus loaded 
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Figure 7.72 Typical stress-strain curve for knee meniscus in uniaxial, unconfined, constant low 
strain-rate compression. 
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The relationship is characterised by three distinct sections. The initial 'toe region' of the 
stress-strain curve is an area of low modulus, thought to be caused by the straightening of the 
coiled collagen structure or 'crimp' [Morgan, 1960, Viidik, 1980] and a contraction of the 
helical structure of the collagen molecules [Dale and Baer, 1974, Gordon, 1988, Rigby eta!, 
1959, Viswanadham and Kramer, 1976]. This region has sometimes been described as being 
linear [Diamant eta!, 1972, Tissahkt and Ahmed, 1995], however, the findings of this study 
confirm that this region is distinctly non-linear. Linear regression analysis of the data points 
in the range 0 to 5 percent (r-0.9745), 0 to 10 percent (r=0.95 16), 0 to 15 percent (r=0.9257) 
and 0 to 20 percent (r0.9067) provide an adequate fit but not as neat as the exponential 
model, Table 7.14. The linear approximation may be used in some instances when modelling 
the stress-strain behaviour of the meniscus under very low strains, e.g. preliminary or 
simplified mathematical/FE analysis, but it is not as accurate a representation as Fung's 
exponential model. 
When a sample of soft tissue is stretched, the amplitude of the waviness (or crimp) of the 
fibres decreases until they become straight. Some fibres (or fibre bundles) may become 
straight before others. Consequently the stiffness of the sample increases gradually. The 
relationship becomes increasingly non-linear as the tissue stiffness increases with advancing 
compressive strain. There then follows a region of gradually increasing modulus, which is a 
result of 'fibre recruitment'. The concept of 'fibre recruitment' has been proposed as an 
explanation for this stiffening effect [Viidik, 19801. As the compressive load increases, more 
and more of the coiled or 'slack' fibres are straightened and stretched. Therefore, the number 
of fibres actively resisting the applied load increases, resulting in an increased compressive 
stiffness. This stiffening is characteristic of other fibrocartilages when subjected to large 
compressive strain and has been demonstrated in human AC [Mow et a!, 1991, Mow et a!, 
1987, Mow eta!, 1980, Proctor eta!, 1992, Swann and Seedhom, 1993]. This is an important 
effect for the tissue to limit excessive strains under large applied stresses. The final section 
of the stress-strain curve is near linear due to the stretching of the straightened parallel array 
of collagen fibres [Viidik, 1980]. 
Fung's exponential model for biological tissues [Equation 6] demonstrates a two parameter 
(A, B) exponential stress-strain relationship and was used to describe accurately the non-
linear stress-strain data generated through compression testing, (r0.997 (±0.003 SD) and 
S=2.887 (±1.634 MPa SD)). Fung's exponential model has been defined as a = A(ene —i) 
[Equation 6]. 
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As c—*0, e' — e ° —> 1, hence, a —+ 0. 
As F,—> 1, e' —+ e 8 ,hence, a —* Ae 8 —.A = A(eB —i)---> AeB. 
Parameter A is the predominant factor in determining the compressive stress of the material 
at lower strains. Parameter B is the predominant factor in determining the stress and 
subsequent stiffness of the material at higher strain, as c—>. Figure 7.73 demonstrates how 
the differing magnitudes of the two parameters A and B affect the stress-strain relationship of 
the menisci. A low stress, and subsequently low stiffness, at low strain is characterised by a 
low value of parameter A, with a higher stress at higher strains characterised by a large value 
of parameter B. The tangent modulus, derivative da/dE, is the increase in the stiffness of 
the specimen and is proportional to the parameter B. The product AB represents the tangent 
modulus at low strains. Therefore, AB represents the increase in the specimen stiffness at the 
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Figure 7.73 Stress-strain relationship; variation with differing values of regression model 
parameters A and B. 
It is well documented that collagen fibres have a characteristic crimp along their length 
[Diamant eta!, 1972, Morgan, 1960 Viidik, 1980]. This crimp takes the form of a triangular 
wave, rather than sinusoidal. Diamant eta!, 1972, showed through studies on rat tail tendon, 
which are also composed of collagen fibres and crimped along their length in the same 
manner, that the crimp angle decreases with age; i.e. the crimp is flattened with increasing 
age. This is thought to decrease the shock absorbing effect of the meniscus [Gathercole and 
Keller, 1975] and may be the cause of age-related effects on the mechanical properties of the 
meniscus. Crimp length has also been found to be proportional to fibre length, meaning that 
there are a constant number of crimps in each fibre, except where injury has caused new 
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fibres to grow [Diamant eta!, 1972]. In a resting state the fibres assume this crimped 
morphology and initially elongate under negligible load as the crimp straightens. Each fibre 
(or fibre bundle) must be completely uncrimped before it can carry any significant load. 
When the fibre becomes straight, it stretches until rupture. 
The anisotropy of the human knee joint meniscus under compressive loading previously 
reported [Bullough et a!, 1970, Fithian et a!, 1989, Leslie et a!, 2000, Procter et a!, 1989, 
Skaggs and Mow, 1990] was experimentally confirmed, i.e. the behaviour of the meniscus 
and its mechanical properties vary depending upon its orientation. Under a low strain of less 
than 10 percent, the axial and radial orientations were shown to maintain approximately the 
same compressive stiffness, significantly larger than that capable within the circumferential 
section. The axial and radial orientations both have their large collagen fibre bundles aligned 
parallel to their faces, whereas the circumferential specimens have these bundles aligned 
perpendicular to their faces. Therefore, as the compressive load is applied to the axial and 
radial samples, the force acts perpendicularly to the circumferential fibre bundles. This 
enables the applied load to be transferred into a tensile loading of the individual bundles. The 
force applied to the circumferential samples acts transversely to the circumferential fibre 
bundles, meaning the load is not transferred into a tensile load acting through the length of 
these bundles, but rather acts as a column load on their ends, Figure 7.74. Hence, at this low 
strain the axial and radial orientations are able to accept higher stresses than the 
circumferential plane, since the load is primarily transferred into a tensile loading of the 
circumferential fibre bundles. 
The radial tie-fibres differ in their quantity and orientation between the axial and radial 
samples [Beaupre et a!, 1994, Bullough et a!, 1970, Cameron and McNab, 1972, Leslie et a!, 
1998, Skaggs eta!, 1994]. Both the axial and radial orientations are able to maintain very 
similar compressive loads at the same strain. Therefore, it is reasonable to suggest that the 
radial tie-fibres do not play a (critical) role, or are not recruited, in the load-bearing or 
structural integrity of the samples at compressive strains less than 10 percent, Figure 7.74. 
The collagen fibre bundles have been reported to have the same structural and material 
properties throughout their length, [Beaupre et a!, 1986, Fithian et a!, 1990], including the 
same dimensions for the crimp [Viidik, 1980]. The radial tie-fibres consist of the same type 
of collagen as the circumferential fibre bundles, Type I, and will therefore, have the same 
dimensions of 'crimp' found in the circumferential fibre bundles. However, they appear in a 
sparser quantity and are not bundled together in the radial orientation. If the orientations and 
dimensions of the radial tie-fibres in the circumferential section are considered along with its 
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7.0 The Meniscus under Compression 
relative compressive strength, it can be assumed that these radial fibres are not extensively 
loaded at these strain levels. The direct similarity between behaviours in these two directions 
confirms that it is the characteristic 'crimp' present in the collagen fibres that is being 
extended and straightened as compressive loading is applied. 
Figure 7.74 The effects of compressive load at strains less than 10 percent in the three sections. 
As strain increases to between 10 and 20 percent strain, the radially orientated meniscal 
tissue increases in strength and stiffness compared to the axial. The circumferential plane 
remains the least stiff, but gains in strength and stiffness when compared to the axial. Due to 
the orientation of the radial tie-fibres, it is likely that the crimp is intact in the radial fibres at 
compressive strains less than 20 percent in the radial plane. However, if the axial plane is 
considered, then it is clear that the circumferential fibre bundles are able to move laterally 
more easily in relation to the applied force, Figure 7.75. At this strain, the crimp is lost and 
the radial tie-fibres begin to be extended. The load bearing structure in the axial section is 
not as firm as that of the radial and hence, the radial plane has greater compressive strength. 
The radial tie-fibres have similar dimensions throughout the meniscus and hence, some begin 
to lose their crimp at the same strain in the circumferential orientation. 
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Figure 7.75 The effects of compressive load at strains between 10 and 20 percent in the three 
sections. 
It is significant that the change from an approximate linear stress-strain relationship to non-
linear occurs at the same value of strain in all three separate orientations, 15 (±] ) percent. 
This suggests that the cause is a material property of the collagen and not caused by the fibre 
orientation within each plane, since the tissue in each orientation has a differing stress value. 
At a strain of 15 percent in the injured meniscus, the crimp in the collagen fibres is lost. At 
strains up to 15 percent, the crimp acts in a spring-like manner and appears to adhere to a 
modified principle of elasticity. Since the radial tie-fibres act to preserve the integrity of the 
structure at low strain, whereas the circumferential fibres determine the amount of 
compressive loading the tissue can carry, then their length and the length at which the elastic 
crimp is lost, will be the same for all three planes. This results in the approximate linearity in 
the stress-strain relationship being lost at the same strain in all three planes. The value of 
strain at which this crimp is lost is dependent upon the properties of the collagen within the 
samples. It may be hypothesised that whilst the crimp will be lost at similar strains in all 
three test orientations of the meniscus, since this is a material property of the collagen which 
exists in the same form and type throughout, this may occur at different strains between 
different pathological groups. If we consider the injured menisci in this study (mean age 32 
years), prior to injury, these menisci have remained intact within the knee joint capsule and 
have not suffered from the effects of osteoarticular disease - a requirement for inclusion. 
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Therefore, all age-related changes (whilst remaining small in this low mean age group) will 
affect all of the meniscal collagen equally and we expect all test orientations to lose their 
crimp at similar strains. However, in the arthritic samples, whilst it is expected that all three 
orientations lose their crimp at consistent values, the crimp may be lost at a lower strain 
value than in the injured, due to the adverse effect of ageing and OA. 
The pathology of meniscal material was found to be a significant factor in the behavioural 
characteristics and mechanical properties of the human knee meniscus, in all three test 
orientations, at both high and low strain. The behaviour of the stress-strain relationship was 
similar in all three orthogonal orientations in both tissue pathologies. However, the strains at 
which characteristic changes take place differed between the two tissue pathologies. When 
subject to low strain, tissue tested from arthritic menisci was significantly less stiff than that 
from injured menisci. Arthritic tissue was able to bear only approximately 50 percent of the 
compressive load borne by the injured menisci, in each of the three orientations. The arthritic 
and injured menisci from each orientation varied by approximately the same amount for a 
given strain, implying that arthritis must affect a property common to the primary load-
bearing structure in all three orientations. Since compressive load is borne by both the 
circumferential fibre bundles and the radial tie-fibres in the three sections, arranged in 
different orientations and quantities, then arthritis must affect the compressive properties of 
the meniscus through changes to collagen. If we consider the meniscus split into its two 
pathological groups, then we discover that the crimp is lost at a lower strain in the arthritic 
menisci compared to the injured in all three orientations. Arthritic menisci lose the crimp at a 
strain of 12(±1) percent, in comparison to a strain of 15 (±I) percent in the injured menisci 
and demonstrate a reduced compressive strength through a loss of the 'elastic' properties of 
the crimp. Diamant eta!, 1972, demonstrated that the toe region becomes shorter with 
increasing age, due to a reduction in the dimensions of the crimp within the collagen as age 
of the cartilage increases. This clearly suggests that an early loss of the crimp in the stress-
strain relationship can be caused by the effects of ageing [Diamant et a!, 1972, Gathercole 
and Keller, 1975]. It is likely that were normal menisci, from a large age range, tested that a 
decrease in the toe region and stress-strain linearity would occur with advancing age. The 
effects of OA on meniscal on meniscal cartilage appear to further exaggerate this early loss 
of the crimp structure. The initial stages of OA involve the cartilage layers becoming thicker, 
softer and more permeable than the corresponding healthy cartilage within weeks of 
intervention. OA has long been regarded as a wear and tear phenomenon suggesting that 
mechanical fatigue must somehow be involved in the process. Research has provided data to 
support the fact that cartilage is susceptible to fatigue [Weightman et a!, 1973, Weightman, 
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1976 and Kempson, 1982], but this has not established the exact tissue failure mechanism. 
The evidence of the current study suggests that the loss of compressive strength and stiffness 
in arthritic menisci under low strain is caused by a reduction in the mechanical effectiveness 
of the collagen crimp, through a combination of crimp straightening and a deterioration of 
the material and mechanical properties of the collagen fibres. A number of factors may 
contribute to the early loss of the crimp including health, diet and lifestyle, with ageing the 
primary factor in the normal knee and the effects of osteoarticular disease exacerbating the 
loss in the arthritic knee. It is almost certain that the mechanism of OA attacking the 
meniscus has the effect of prematurely ageing and intensifying the normal ageing process of 
knee joint meniscal cartilage. A certain proportion of stress-strain linearity is evident in all 
arthritic test samples suggesting that the crimp remains even in the well progressed arthritic 
menisci, but with much reduced dimensions and therefore with a loss of its elastic effect, 
reducing the elasticity and compressive strength of cartilage under low strain. 
Collagen cross-linking increases with advancing age [Bjorksten, 1962, Ghosh and Taylor, 
1987]. It is clear from the mechanism of compression loading within the meniscus described 
above, that cross-links must increase the compressive stiffness and strength of the tissue. 
Since the arthritic tissue in this study is from an older age group, it is reasonable to suggest 
that there are an increased number of cross-links present in the arthritic samples. This 
explains why the axial orientation is stronger and stiffer than both the radial and 
circumferential planes in arthritic menisci at low strain, compared to the radial, which is 
stiffer in the injured menisci. 
At 20 percent strain, the axial and circumferential planes maintain a similar compressive 
stiffness. Both tissue sections are able to withstand the same compressive force at a strain of 
20 percent but bear the load differently, Figure 7.75. At this strain, the radial tie-fibres are 
heavily loaded in both orientations. In the axial plane, the radial tie-fibres work to prevent 
excessive lateral movement of the circumferential fibre bundles under compressive loading. 
The applied load is now transferred not only to the circumferential fibre bundles, but a 
significant proportion is accepted by the radial tie-fibres. Since the dimensions of the radial 
tie-fibres are consistent throughout all three orientations, some of these fibres must be under 
heavy loading in the circumferential orientation as well. However, the majority is not and 
their quantity and orientation preserve the structural integrity of this section, thus enabling 
the circumferential section to have a comparable strength to the axial. The majority of tie-
fibres in the radial section are not yet subject to loading, hence the load bearing structure 
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remains to provide the largest compressive strength of the three orthogonal planes at this 
strain. 
At strains greater than 20 percent, the radial tie-fibres, which are dimensionally smaller in 
length and appear weaker since they do not act in bundles, become loaded past their ultimate 
tensile strength and fail, Figure 7.76. These fibres lie in the same orientation with similar 
distances between the larger circumferential bundles, therefore they fail at similar strains. 
The axial section now begins to increase rapidly in strain as compressive loading continues, 
since there is significant depreciation in the structures' ability to resist the lateral movement 
of the circumferential fibre-bundles. Failure of the radial tie-fibres occurs at this similar 
strain in the circumferential orientation. However, the 'fibre recruitment' mechanism, made 
possible through the organisation and orientation of the cross-links, ensures that as 
successive radial tie-fibres fail, more fibres take over the loading to preserve the shape and 
integrity of the section. This means that the circumferential plane is able to accept larger 
loading at these strains than the axial. At a strain of approximately 26 percent, the 
circumferential section becomes stiffer than the axial. However, the radial orientation 
remains the stiffest section since none of the radial tie-fibres are subject to heavy loading as 
yet, with the majority of the compressive load borne by the circumferential fibre bundles. 
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Figure 7.76 The effects of compressive load at strains between 20 and 30 percent in the three 
sections. 
At strains of 30 percent, the axial plane is by far the weakest. As more radial tie-fibres fail, 
the circumferential fibre bundles are relatively unrestricted in their lateral movement. This 
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means that the applied compressive load is unable to be transferred effectively into a tensile 
loading of the circumferential fibre bundles. The radial section maintains the largest 
compressive strength at these strains. Whilst the radial tie-fibres are heavily loaded, the 
structure remains intact enabling the continued, but less effective, transfer of compressive 
load to the stronger circumferential fibre bundles. As the radial tie-fibres fail in the 
circumferential plane, fibres are recruited into the load-bearing role and the process of crimp 
stretch followed by length extension to failure continues. The circumferential orientation is 
able to bear such a large compressive load through its radial tie-fibres due to their orientation 
and quantity. As compressive strain increases towards 40 percent, the axial plane continues 
to decrease in compressive strength, relative to the other planes, since resistance to lateral 
movement of the circumferential fibre bundles decreases further. The circumferential plane 
gains in compressive strength in comparison to the radial, as radial tie-fibres in the radial 
orientation begin to reach their ultimate tensile loading and fail. This directly affects the 
load-bearing properties of the radial orientation. 
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Figure 7.77 The effects of compressive load at strains of 40 percent and greater in the three 
sections. 
As strain increases above 40 percent the axial remains the weakest orientation, whilst the 
circumferential meniscal tissue becomes the stiffest in response to compressive loading at a 
strain of approximately 43 percent. As compressive strain increases further, whilst the radial 
tie-fibres have all failed in both the axial and radial orientations, some remain in the 
circumferential. This leads to the circumferential plane increasing in stiffness compared to 
both the axial and radial. The radial continues to increase in stiffness compared to the axial, 
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but the rate of change decreases. It is the radial tie-fibres present in the circumferential 
section which enables its' structure to hold together at higher strains far better than either the 
axial or radial and hence, provide a much stronger and stiffer response to high stress. The 
radial tie-fibres fail under a lower compressive loading in the axial samples due to their 
orientation, which results in the axial plane having a lower compressive stiffness than the 
radial plane. 
The large number of radial tie-fibres present in the circumferential samples and the fact that 
the loading is transverse to the circumferential fibre bundles, results in an increased stiffness 
at high strains in the circumferential orientation compared to the axial and radial. When the 
effects of compressive loading on meniscal tissue are investigated in the three different 
orientations as in this study it is clear that both the circumferential fibre bundles and the 
radial tie-fibres play an equally important role in the load-bearing properties of the tissue. 
Whilst it is clear that when the structure is complete the majority of the compressive load is 
borne through the circumferential fibre bundles that run throughout the length of the tissue, 
the radial tie-fibres have a crucial role to play in maintaining the tissues structural integrity. 
The pathology of meniscal material was determined to be a significant factor in the 
behavioural characteristics and mechanical properties of the human knee meniscus in all 
three orientations at both high and low strain, and the effects of pathology on the collagen 
crimp have been discussed above. Under low compressive strains, the axial orientation was 
stiffer than both the radial and circumferential in arthritic menisci, as opposed to the radial, 
which was the stiffest in the injured menisci. The increased number of cross-links in the 
axial orientation has a direct effect at low strains on increasing the strength of the sample. 
Thus, at strains of less than 22 percent, the axial plane is stiffer than the radial in arthritic 
menisci. Since there is no crimp present, there is a lack of movement in the axial orientation, 
due to a more rigid and stable structure being formed by the increased number of cross-links. 
However, movement is possible for the circumferential fibre bundles in the radial 
orientation, since the radial tie-fibres are not loaded at low strain. 
At the same point in both tissue pathologies, approximately 28 percent compressive strain, 
the axial orientation becomes the weakest of the three orientations. At this strain the radial 
tie-fibres begin to be loaded to their ultimate tensile strength. Regardless of the effects of the 
loss of the crimp on the behaviour of the menisci under low strain, or the increased numbers 
of cross-links, this phenomena suggests that the individual collagen fibres maintain the same 
ultimate tensile strength, regardless of pathology, age or other potential factors. 
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In the arthritic menisci, at a similar strain, the axial orientation becomes the least stiff, whilst 
the circumferential becomes the stiffest. This is directly related to the number of cross-links 
present as they reach their failure point in both the axial and radial orientations. The process 
of 'fibre recruitment' begins in the circumferential and since there is a larger quantity of 
fibres available for recruitment, this plane is more effective in bearing compressive load 
compared to the other orientations of the same material. Similarly, the circumferential 
orientation becomes stronger and stiffer in arthritic menisci at a lower strain (28 percent as 
oppose to 35 percent) than in injured tissue, since the strength in this plane is derived directly 
from the quantity and positioning of the cross-links. Arthritic tissue has an increased number 
of cross-links when compared to injured tissue. Therefore, fibre recruitment is more active 
and the circumferential plane is more effective at bearing compressive load when compared 
to the other orientations of the same material at earlier strains. It is interesting to note that the 
circumferential material tested from both tissue types have a comparable compressive 
strength at any given strain. This further emphasises the fact that the radial tie-fibres, despite 
a decreased elasticity in the arthritic tissue, maintain a comparable ultimate tensile loading. 
The lack of elasticity in arthritic menisci is compensated by an increased number of radial 
tie-fibres present, enabling the tissue to achieve similar compressive strengths to injured or 
normal menisci. At compressive strains less than 30 percent, the axial and radial planes are 
significantly weaker in arthritic menisci than injured, whereas the compressive load able to 
be taken by the circumferential is comparable, as mentioned above. In the circumferential 
plane, the lack of elasticity in the arthritic menisci is compensated for through the increased 
number of radial tie-fibres present, enabling the tissue to achieve similar compressive 
strengths to injured or normal menisci. The effects of arthritis on the mechanical properties 
of the meniscus are more pronounced in the axial and radial sections, than in the 
circumferential. This suggests a potential difference in the way in which arthritis affects the 
circumferential fibre bundles compared to the radial tie-fibres. However, this is unlikely, 
since the basic material structure of the two fibres is the same. It is probable that the load-
bearing capacity of these sections is reduced in arthritic menisci due to collagen changes 
affecting the radial tie-fibres. This would cause less efficient or effective transfer of load 
through the radial tie-fibres to the circumferential bundles. 
Meniscal tissue from arthritic knees had greater compressive strength than injured menisci at 
strains greater than 43 percent; i.e. a higher compressive load is required to cause the same 
amount of strain in the material. Significantly this occurs at the same value of strain in all 
three orientations and in menisci from both tissue pathologies. This further suggests that 
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arthritis affects the material properties of the collagen and is the sole contributing factor for 
this occurrence. 
The menisci were found to be highly inhomogeneous, i.e. the menisci displayed different 
properties in different regions, relative to circumferential location of the meniscus. Analysis 
of injured menisci revealed that compressive strength and stiffness decreased posteriorly 
through the meniscus from a maximum in the anterior region to a minimum in the posterior, 
in all three test orientations. 
In comparison to all four other regions tested, there was a lack of compression test samples 
from the posterior region of injured menisci. Quantities of tissue from this region were 
procured, but distinctly less than other regions. In most cases the physical size and condition 
prevented test samples of the dimensions required for accurate testing being prepared. In 
many cases of partial meniscectomy following a bucket-handle tear, this area of the 
meniscus was clearly more significantly damaged than other regions of each sample 
recovered and often had a notable horizontal tear through it. This was expected since in 
clinical studies of meniscal injuries, the posterior has been shown to be more prone to injury 
and has a high incidence of tears, in particular bucket-handle tears [Arnoczky et al, 1978, 
Smillie, 1978]. Therefore, whilst this area of the meniscus would be routinely removed 
during partial and total meniscectomy, the meniscus remnants were of poorer quality and 
more severely damaged in comparison to other regions where a tear had necessitated 
removal surgery, but had not caused significant damage to the immediate surrounding area 
of tissue. 
In the axial orientation, the posterior region of injured menisci was significantly less stiff 
than all other regions. In the lateral meniscus, large type I collagen fibre bundles are highly 
orientated and arranged parallel to the periphery of the tissue. However, in the posterior half 
of the medial meniscus, collagen fibre bundles have significantly reduced circumferential 
organisation, i.e. they are not aligned in the circumferential direction [Fithian eta!, 1985]. 
This site has a high frequency of clinically observed tears and this may be due to the inferior 
tensile properties of the meniscus in this region. There is no measurable difference between 
the collagen fibre bundle content of the anterior, central and posterior regions of the 
meniscus. In samples of bovine medial menisci, qualitative studies through polarised light 
microscopy have demonstrated a higher proportion of radial fibres in the posterior than in the 
anterior regions [Skaggs et al, 1994]. Studies on the posterior region of bovine menisci 
revealed a higher proportion of PG content than other regions, however research by Fithian, 
1990, did not reveal significant variation for six different regions of the normal meniscus. 
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PG is an important factor in conferring compressive strength [Eyre eta!, 1983]. As a result, 
previous studies have suggested that the posterior region of human meniscus appears stiffer 
than the anterior or central regions [Ahmed and Burke, 1983, Fithian et a!, 1990, Mow et a!, 
1992], which conflicts with the findings of this study. More recent research by Leslie etal., 
1998, measured the proportion of radial collagen fibre bundles in the human knee joint 
menisci through scanning optical microscopy. The authors reported no differences due to 
circumferential location, nor a preponderance of radial fibres over circumferential fibres at 
any site, as reported by Beaupre et al., 1986. Unfortunately, the study was concerned solely 
with quantities and did not exclude the possibility of structural differences between regions 
and layers, e.g. thickness of radial fibres in different regions. No other measurements of 
radial collagen tie-fibres in non-human mammalian or human knee joint menisci are reported 
in the literature. It must be noted that unlike the present study, none of these studies 
performed tests on fresh meniscal tissue, but rather fixed. The radial tie-fibres play a major 
role in maintaining the structural integrity of meniscal tissue in this axial plane and any 
change in their quantity within specific regions of the meniscus will result in differing 
compressive strength. Their presence and integrity delay and prevent the initiation or 
propagation of tears by binding together the circumferential collagen fibre bundles. 
However, any reduction in the organisation of the circumferential fibre bundles in any region 
of the meniscus will also result in a reduction in its ability to withstand compressive stress. 
This explains why the regional variation determined in this study is more pronounced at 
higher levels of strain, since when subject to low strain, the radial tie-fibres in the posterior 
region compensate for the lack of ability of the circumferential fibre bundles to accept 
compressive loading through tension. A direct relationship between the tissue stiffness and 
the level of stress to which the cartilage has been subjected to in vivo has been identified, 
Swann and Seedhom, 1993. The posterior region of menisci, especially the medial posterior, 
are thought to be subjected to a greater severity and frequency of stresses within the knee, 
Leslie et al., 1998, since the medial compartment supports the majority of the load 
transferred across the knee. This may contribute to the incidence of tears within this region 
and have a wear and tear effect on the mechanical performance of the meniscus in this 
region. However, the lower compressive strength determined in this study, the lack of 
proportional differences in quantity of the radial tie-fibres within the meniscus and the higher 
incidence of observed tears in this region suggests that the reduced circumferential 
organisation of the circumferential fibre bundles in the posterior region causes a reduced 
mechanical performance of menisci in the non-arthritic knee. 
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The results of this study found that lateral menisci were stiffer at strains below 40 percent 
and the medial stiffer at strains greater than 40 percent in the axial injured menisci. Regional 
comparison of this effect was only possible in the central region where the variations were 
repeated. At strains greater than 40 percent, the effect of the radial tie-fibres in binding 
together the circumferential fibre bundles will have stopped, since the majority will have 
failed at their ultimate load at strains of approximately 25-30 percent. Clearly at strains 
below 40 percent the lateral is stronger and stiffer. The relative content of radial fibre 
collagen within the medial and lateral is identical. The more efficient organisation of the 
circumferential fibres combined with the binding effect of the radial tie-fibres ensures 
compressive load bearing in the lateral menisci is more effective compared to the medial at 
low strains. At higher strains, it is likely that the poor organisation of the circumferential 
fibre bundles in the medial menisci actually contributes to the compressive strength of the 
menisci. The fibre bundles cannot accept loading until they are fully straightened therefore, 
the unorganised nature of the fibres have a similar effect to the collagen crimp. The highly 
organised structure of the lateral will put the circumferential fibre bundles under ultimate 
loading at a lower strain in comparison to the comparatively unorganised medial menisci, 
particularly in the posterior region. However, it is likely that under real-time (and cyclic) 
loading of the meniscus the lateral will prove stronger than the medial due to the better 
organisation of the circumferential fibre bundles. 
In axially orientated arthritic menisci, compressive strength and stiffness decrease posteriorly 
around the meniscus, from a maximum in the anterior to a minimum in the mid-posterior. 
However, at strain less than 30 percent, the posterior region displayed greater compressive 
strength and stiffness than all other regions, with only the anterior region greater at 
compressive strains above 30 percent. This is due to the effects of OA. The posterior region 
is thought to be the subject of greater severity and frequency of stresses within the knee, 
Leslie et al., 1998. OA has been regarded as a wear and tear phenomenon. Such an 
association suggests that mechanical fatigue must be involved in the process and research 
has provided data to support this fact, Weightman et a!, 1973, Weightman, 1976, Kempson, 
1982. The most likely location for this fatigue is that which is subjected to the greatest 
stresses and strains, i.e. the posterior and especially the medial posterior. Therefore, in non-
posttraumatic osteoarthritis, OA is likely to effect this region with greater severity compared 
to other regions of the meniscus. Comparison of the stress-strain curves of both the injured 
and arthritic pathology samples reveals that at strains greater than approximately 40 percent, 
arthritic tissue is stiffer than injured menisci, particularly in the anterior and mid-anterior 
regions. The effect of OA in each of the three orientations has been described above. In 
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terms of regional variation, the difference between the two pathologies is greatest in the 
posterior region. In injured menisci, the posterior region is the weakest of all regions, with a 
posterior decrease in compressive strength and stiffness from a maximum in the anterior 
evident. The posterior region of arthritic menisci is significantly stiffer due to OA affecting 
the fatigue-prone posterior region more than the other regions, causing the tissue to stiffen. 
A lack of test samples in both the circumferential and radial planes of injured menisci 
inhibited a statistically rigorous analysis of regional variation. However, in both orientations, 
the anterior region had the greatest compressive strength and stiffness of those regions 
tested. No comparison was possible into the effect of medial and lateral menisci on the 
mechanical properties and behavioural characteristics of injured menisci in these planes. 
In both the circumferential and radial orientations of arthritic menisci, a decrease in 
compressive strength and stiffness was noted from the central region through to the posterior 
regions, with the anterior regions significantly weaker at all compressive strains. In the 
circumferential orientation, an increase in the quantity of cross-links through ageing [Ghosh 
and Taylor, 1987] and the stiffening effect of OA on the meniscus, would increase the 
strength and stiffness of the posterior region relative to the other regions, especially the 
anterior. Unfortunately, without the comparison afforded by 'a full set of regional data for the 
injured menisci, no firm conclusions may be drawn. 
In both the circumferential and radial orientations of arthritic menisci, similar to the axial, 
significant differences were found between tissue tested from the medial and lateral 
meniscus. These variations were dependent upon the region of menisci investigated. Leslie et 
a!, 1998, reported no difference between radial tie-fibre content between different regions or 
medial and lateral menisci and research by Fithian, 1990 did not reveal significant variation 
in the PG concentration for medial and lateral menisci. In the circumferential orientation, 
lateral menisci displayed greater compressive strength and tissue stiffness than the medial at 
all compressive strains and this was repeated in the anterior to central regions. However, in 
the posterior regions medial menisci proved stiffer under compressive strains less than 30 
percent, with the lateral stiffer at greater strains. This is a result similar to that determined in 
the axial orientation. In the circumferential plane, structural integrity is maintained by the 
radial tie-fibres as little load is transferred into tensile loading of the circumferential fibre 
bundles. As previously described, the lateral meniscus has its collagen fibre bundles highly 
orientated and arranged parallel to the periphery of the tissue. However, in the posterior half 
of the medial meniscus, the collagen fibre bundles have significantly reduced circumferential 
organisation, i.e. they are not aligned in the circumferential orientation [Fithian eta!, 1985]. 
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The better organisation of the lateral menisci will contribute to the greater strength and 
stiffness of the tissue. However, in the posterior region, which is more likely to experience 
the effects of an increase in cross-linking and the combined effect of OA stiffening, the extra 
cross-links will provide the medial menisci with a greater stiffness at low load. As previously 
described the radial tie-fibres, regardless of their pathology, reach their ultimate load at 
strains 25-30%. At this strain, the lateral menisci become stiffer compared to the medial. 
This initial greater stiffness at low strain in the medial menisci will be caused by the effects 
of OA and greater cross-linking, but as these links fail, the unorganised structure will 
contribute to the lack of compressive strength and stiffness in comparison to the highly 
organised structure of the lateral. 
In the radial orientation, lateral menisci were stiffer and stronger compared to the medial and 
this is also attributable to the circumferential fibre bundle organisation described above. 
However, in the anterior region medial menisci (NL a(ra1 2, NMcd,a/6) proved to have greater 
compressive strength and stiffness at strains greater than 40 percent. The biased nature of the 
sample group must not be ignored, but equally neither must this result. Unfortunately, no 
further regional analysis was possible in this orientation making comment and explanation 
difficult. Further investigation must be performed in this area through further materials 
testing. 
Menisci from injured and arthritic patients displayed significant variations dependent upon 
from which knee the menisci originated. In the axial orientation of injured menisci, right 
knee menisci were significantly stiffer and stronger at strains less than 30 percent, with left 
knee menisci stiffer at greater strains. In the circumferential orientation, injured right knee 
menisci were stronger and stiffer than left knee menisci at all strains. No data were available 
from the radial orientation as all twelve samples were of right knee menisci. In all three 
orientations of arthritic tissue, left knee menisci were significantly stronger and stiffer at 
strains under 40 percent with the right knee greater at increased strains. There are no known 
specific structural (or ultrastructural) differences between menisci from the right and left 
knees, nor any reported observations of differences in biochemical composition. However, 
particularly in the arthritic knees, statistically significant differences were found. There are a 
number of ligaments that may or may not be present in the joint capsule. For example, the 
variably present posterior (Wrisberg) and anterior (Humphrey) men iscofemoral ligaments 
pass from the posterior horn of the lateral menisci to the lateral aspect of the medial femoral 
condyle. The ligament of Wrisberg is formed by the posterior fibres of the posterior horn of 
the lateral meniscus attaching to the medial femoral condyle, posterior to the origin of the 
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PCL and anterior to the posterior horn of the medial meniscus. This posterior 
meniscofemoral ligament is found in around 76 percent of cadaveric material [Clancy et a!, 
1983]. In 50 percent of knees, the anterior fibres of the posterior horn of the lateral meniscus 
insert to the medial femoral condyle anterior to the origin of the PCL forming the anterior 
meniscofemoral ligament (Humphrey ligament). Usually one or other of these structures is 
present and they vary markedly in size. The menisci have mobility within the knee joint. 
Since the menisci are mainly fixed to the tibial plateau and the axis of knee motion is located 
at the level of the femoral epicondyles during extension and flexion, motion is larger in the 
meniscofemoral rather than the meniscotibial joint. Clearly the presence of additional 
meniscofemoral ligaments must affect the motion of the menisci and therefore, the way in 
which load and stress is borne. It is widely known that the menisci are adapted to their 
functional stressing. It is therefore reasonable to suggest that the presence of additional 
ligaments will cause slightly different variations in location and transferral into tensile stress 
and strain, within the meniscal collagen fibres, of any applied of loads and stresses. This may 
be particularly evident in wear and tear/fatigue considerations. Therefore, slightly different 
meniscal pair and knee variations in the mechanical properties of the meniscus may be 
caused by the presence of additional anatomical structures within the knee joint capsule. The 
regional variation, pathology and orientation investigations previously completed and their 
respective results will be unaffected by the presence of these additional anatomical 
constraints, since these relative differences will be maintained and the data values will 
correspond to the average mechanical and material response of the meniscus in each 
category. 
Styles of gait and patient lifestyle are important factors in the consideration of knee 
variations of the meniscus. Individual styles of gait, between patients may affect the 
mechanical properties of the meniscus. For instance, which compartment of the knee is 
initially loaded at heel strike? When the knee moves it does not just bend (flex) or straighten 
(extend), but it also has a slight rotational component in its motion. During flexion and 
extension of the tibiofemoral joint there is a combined roll, glide and spin off the articulating 
surfaces to help maintain joint congruency. Styles of gait and patient lifestyle are important 
considerations in explaining the knee variations of the meniscus. Individual styles of gait 
between patients are likely to affect the mechanical properties of the meniscus, particularly 
the effects of fatigue, through poor load transmission or uneven loading in specific joint 
contact areas, caused by poor gait. For instance, the predominance of knee arthritis in the 
medial aspect fits this paradigm. The lateral knee is loaded initially at heel strike, with the 
medial compartment, which takes 60 percent of the total load by mid-stance loaded later in 
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the step. The effect of OA on the collagen fibres within the meniscus has been highlighted. 
Fatigue effects may differ between the left and right knees in some patients, exacerbated 
through an exceptionally active lifestyle, or through a repetitive stress of excessive impact 
loading over time, e.g. rugby kickers standing leg. 
Despite the lack of statistically significant variations between the menisci obtained from the 
left and right knee, it is the authors view that the variations observed and their heterogeneous 
nature, reveal that differences do occur between knees as a result of gait and lifestyle. 
Further investigation must be performed, analysing the effects of additional anatomical 
features of the knee joint capsule and variations in joint loading caused by gait and lifestyle, 
e.g. professional sports person. This will be most accurately and simply accomplished 
utilising accurate computer modelling and simulation, which the data and stress-strain 
behaviour information provided in this study will contribute considerably towards. 
Significant variations in tissue properties and behaviour were determined between menisci 
obtained from male and female patients. In injured menisci, female tissue displayed greater 
strength than male in the axial orientation, with the opposite occurring in the circumferential 
orientations. In the radial orientation, male menisci were significantly stronger and stiffer at 
strains less than 15 percent. In arthritic menisci, female tissue was significantly stronger and 
stiffer at strains less than 15 percent in the axial, 40 percent in the radial and throughout in 
the circumferential. Leslie, 1996, reported that radial fibre content was significantly greater 
in female menisci than male. The stiffening effect of these radial tie-fibres would increase 
the mechanical properties of female menisci, but were this the sole reason for variation, then 
it is reasonable to suggest that female tissue would display greater strength in all three 
orientations. This is evident in the arthritic samples, with the reported additional radial tie-
fibre content possibly causing an increased strength at greater strains. Unfortunately the 
study by Leslie was concerned solely with quantities and did not exclude the possibility of 
structural differences between regions and layers, e.g. thickness of radial tie-fibres in 
different regions. Despite the statistical significance obtained, differences due to the sample 
population being biased must not be discounted and may provide a valid explanation. Further 
investigation must be performed focussing on the effects of male and female menisci with 
just one or two variables from a greater size of population, e.g. compressive strength in the 
central region of menisci only. However, this presents known problems with material 
procurement. Thus, no firm conclusions may be drawn from the data presented in this study 
on the variations in mechanical properties and behavioural characteristics of menisci under 
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compression due to gender. However, of equal importance, the data suggest that gender 
variations may be a significant feature of the material. 
The mechanical properties and behavioural characteristics of human menisci in compression 
were found to be age-dependent. The respective age ranges of the two distinct pathology 
groups meant that the more meaningful results were gained from investigating age effects 
within the two specific pathology groups, rather than across the full but incomplete age 
range, though the latter was completed. Due to the nature of the procurement of samples, this 
study has not been able to produce age-matched controls for either pathology groups, so the 
results presented must be treated appropriately. No such data exists in the literature. 
Regression model parameter A was shown to increase with age in the injured menisci and 
decrease in the arthritic menisci in all three orientations. This represents the pattern of 
collagen content, which is known to increase in the meniscus from birth up to the age of 30 
years, remains constant until 80 years and then begins to decline [Ghosh and Taylor, 1987, 
McDevitt and Webber, 1990]. Studies on degenerated meniscal tissue have shown that it 
contains a higher water content than that of normal, age-matched controls and a decrease in 
collagen content [McDevitt eta!, 19901. Parameter A represents the compressive strength of 
the meniscus at low strain and hence an increase in collagen up to the age of 30 will result in 
an increasing compressive strength, i.e. increasing A and was determined within the injured 
samples [mean age 32 years]. Much of the deterioration with old age is due to decreasing 
quantity and quality of collagen in the meniscus. Leslie, 1996, reported a decreasing value of 
parameter A, which was associated with a shortening of the toe region of the stress-strain 
plot. However, OA has a degenerative effect on the collagen of the meniscus and a decrease 
in compressive strength under low strain is expected. In the normal meniscus, the decrease 
could be expected to occur in parallel with the decrease in collagen content or earlier if the 
meniscus has been particularly prone to fatigue. The finding that compressive strength 
decreases throughout all of the OA samples [range 41-82 years, mean 66 years] merely 
confirms the degenerative nature of this joint disease. In the axial orientation, parameter B 
decreased with advancing age in both tissue pathologies, but increased in the radial 
orientation. In the circumferential orientation, parameter B increased with age in the injured 
tissue and decreased in the arthritic. Parameter B represents the compressive strength at high 
strains, with a larger B representing greater strength. 
An increase in collagen cross-linking has been shown to occur with increasing age 
[Bjorksten, 1962]. The loading mechanism in the axial orientation, as described previously, 
is such that an increase in collagen cross-linking with increasing age would not affect the 
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compressive strength of the menisci at higher loads, since the radial tie-fibres fail at the same 
strain of circa 25-30 percent. However, an increase in cross-linking would account for the 
increase in mechanical strength with age in the radial orientation as the cross-links continue 
to form, due to the nature of the fibres within it, described previously. 
The reported flattening of the collagen crimp with increasing age [Diamant et a!, 1972] 
accounts for the apparent decreasing tissue stiffness with advancing age in both the radial 
and axial orientations. The increase in tissue stiffness in the injured samples and decrease in 
the arthritic displayed in the circumferential mirrors the pathology of collagen content with 
advancing age. With increasing age, changes occur in the collagenous framework of the 
meniscus including an increase in the rigidity of the tissue, with the fibres ultimately 
becoming brittle [Viidik, 1982] and susceptible to crack development. The shock absorbing 
ability of the meniscus decreases with flattening of the collagen crimp, causing the reported 
age-related effects in the mechanical properties of the meniscus. 
There is an extremely low turnover of cartilage collagen and an individual collagen fibre will 
eventually accumulate a very large number of load cycles and as a consequence could fail 
mechanically. OA disrupts the collagen networks and forms degeneration within the 
remaining collagen, exacerbating the ageing process. 
A non-linear J-shaped anisotropic response of fresh human meniscal tissue to compressive 
loading has been presented. Under strains of less than 10 percent, radial tie-fibres do not 
have a critical role in load bearing of the meniscus. Compressive load is transferred into 
tensile loading of the circumferential fibre bundles which extends and straightens the 
collagen crimp, providing the axial and radial orientations with greater strength than the 
circumferential. At strains of approximately 15 percent, the collagen crimp is lost in the 
collagen fibres throughout the injured meniscus, As strain approaches 20 percent, radial tie-
fibres are heavily loaded in tension in both the axial and radial orientations. As strain 
increases, they fail. The resulting rapid increase in strain for small increments of stress in the 
axial orientations display the importance of these radial tie-fibres in preserving the structural 
integrity of the meniscus and allowing compressive load to be borne through tension. Failure 
of the radial tie-fibres is a clear mechanism for longitudinal or bucket-handle tears of the 
meniscus in vivo. The mechanism of fibre-recruitment, displayed in the circumferential 
orientation, confirms the importance and effects that radial tie-fibres hold within the 
meniscus. The circumferential fibre bundles and radial tie-fibres play an equally important 
role in the load-bearing properties of the meniscus. When the structure is complete the 
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majority of compressive load is borne through the circumferential fibre bundles, but the 
radial tie-fibres play an intimate role in load transferral and in maintaining structural 
integrity. OA causes an exacerbation of the ageing effect that causes a reduction in the 
effectiveness of the collagen crimp, accounting for the lack of elasticity within the structure 
and a decreased shock absorbing capacity in vivo. Under low compressive strains, typical of 
everyday motions such as walking, arthritic menisci have a 50 percent reduction in load 
bearing capacity, compared with injured/normal meniscus. Increased cross-linking within the 
meniscus causes increased stiffness in arthritic menisci in the axial orientation through closer 
binding of the circumferential fibre-bundles. Significant inhomogeneity was determined in 
the human meniscus, with the posterior region, and in particular the medial posterior, 
displaying significantly reduced mechanical properties under compressive loading. The 
posterior has been shown to be more prone to injury with a high incidence of tears 
[Arnoczky et al, 1978, Smillie, 1978]. This is a combined effect of the increased stress 
experienced in vivo by the posterior regions and the reduced circumferential organisation of 
the collagen fibres in the medial posterior, causing reduced mechanical performance in his 
region. OA appears to affect the mechanical properties of the meniscus most significantly in 
the posterior region, confirming the common held view that mechanical fatigue is involved 
in the process of degeneration, since the posterior regions are subjected to greater stresses in 
vivo. 
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8.0 The Meniscus under Tension 
The mechanical properties and behavioural characteristics of human knee joint menisci were 
determined when subjected to uniaxial tensile loading. Fresh knee joint menisci from 
meniscectomy and total knee replacement surgery were prepared in three orientations (axial, 
circumferential and radial) from three different regions (anterior, central and posterior) and 
different patients (pathology, gender and age) and locations (medial/lateral menisci, right/left 
knee). 
This section details the full results of uniaxial tensile testing of the human knee joint 
meniscus. A summary of the major results is provided initially, followed by a detailed 
analysis of the results investigating in turn the effects of orientation, pathology and 
circumferential region of the test samples and the original location of the meniscus, i.e. 
right/left knee, medial/lateral compartment and male/female patients. The effects of each of 
the six factors under investigation are analysed in turn on the regression model parameters, 
followed by the material properties. Relevant tables of data, figures and detailed descriptions 
of the statistical analysis at each stage are incorporated within the text, with further data 
provided for reference in Appendix D. A discussion of the cause and effects of the results on 
the mechanics of the meniscus and their relevance is then presented. 
8.1 Results 
Results Summary 
The meniscal material was uniformly stretched as the clamps moved apart. Failure occurred 
abruptly and away from the grips. All stress-strain curves generated for loading of the 
menisci under uniaxial tension were non-linear, J-shaped. This confirmed a non-linear 
response of meniscal material to tensile stress and strain, typical of soft, biological tissue. 
Therefore, it was appropriate to use a non-linear stress-strain relationship to describe 
precisely the curves over their full range of operation. The J-shape stress-strain curve is 
characterised by an initial low modulus region, an immediate region of gradually increasing 
modulus, followed by a region of reasonably constant but high modulus. 
The experimentally obtained stress-strain data were fitted to Fung's exponential model for 
biological tissues [Equation 6], using a non-linear regression procedure. This model provided 
a close fit for all specimens (N=183) regardless of test orientation, tissue pathology, regional 
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location and all other considered factors. This ensured that the regression model could be 
used to determine and analyse accurately the mechanical properties and behavioural 
characteristics of fresh, human knee joint menisci when subject to uniaxial tensile loading. 
Fung's model uses two parameters A and B to describe the behaviour of the stress-strain 
relationship over the whole range of tensile loading of the meniscus. Parameter A denotes the 
tensile strength of the material at low strains, with a higher value representing a higher 
tensile stress. Parameter B represents the tensile strength of the meniscus at higher strains, as 
c—c, with a larger value of B denoting a higher tensile strength. The regression model 
parameters were used to calculate values of AB and AB 2 . AB represents the tangent modulus, 
or tissue stiffness, at very low stresses, whilst the rate of change of this slope at the origin is 
given byAB 2 . Thus, parameter AB provides an immediately accessible indication of meniscal 
stiffness, with the rate of change of this stiffness provided by the value ofAB 2 . 
Values of ultimate tensile stress, ultimate tensile strain, tangent modulus, its related 
coefficient of determination and strain intersect were calculated from the individual 
experimental data. These mechanical properties and the regression model parameters A and 
B and calculated AB and AB  were investigated through ANOVA and parametric and non-
parametric statistical techniques to determine significant differences caused by the test 
factors being considered. 
The menisci were subjected to uniaxial tensile loading in three distinct orthogonal planes, i.e. 
axial, circumferential and radial, and very highly statistically significant differences were 
found in the response of the tissue in all three orientations. Over the full range of tensile 
loading, menisci prepared from the radial plane displayed a greater tensile strength than both 
other orientations, with the circumferentially orientated tissue significantly less stiff than 
both the axial and radial. Subsequently, ultimate tensile stress in the radial orientation was 
very highly significantly greater than both the axial and circumferential, with the 
circumferential failing at a significantly lower stress than both the axial and radial. Ultimate 
tensile strain in the circumferential orientation was significantly greater than both the axial 
and radial, with the latter having comparable failure strains. A significantly greater tangent 
modulus was found in the radial orientation, with the circumferential having a significantly 
lower tensile stiffness than both the axial and radial orientations. 
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Menisci originated from two distinct pathological groups, trauma and osteoarticular disease 
and statistically significant differences were found between the two pathologies in all three 
test orientations. In all test orientations, arthritic menisci had a significantly greater tensile 
strength than corresponding injured menisci over the full range of tensile strain, with the 
previously described orientation-dependant characteristic behaviour clearly evident in both 
tissue pathologies. In both the axial and radial orientation, injured menisci had a significantly 
higher ultimate tensile stress compared to the arthritic, with similar values for both tissue 
pathologies determined in the circumferential. A significantly greater ultimate tensile strain 
was determined in the injured menisci in the axial and radial orientations, with similar values 
occurring in the circumferential orientations. Tangent modulus was greater in arthritic 
menisci in both the circumferential and radial planes compared with injured, whereas injured 
tissue displayed a greater tangent modulus in the axial orientation compared to arthritic 
menisci. 
The menisci were found to be highly inhomogeneous, i.e. the tissue displayed different 
properties in different regions of the meniscus. In the axial orientation, all regions of arthritic 
menisci displayed greater tensile strength compared to those within injured menisci. The 
posterior regions of arthritic menisci displayed a significantly greater strength and tissue 
stiffness, with the anterior region displaying the lowest values, whilst in the injured 
meniscus, the central region displayed greater strength up to tensile strains of 75 percent. 
Within injured menisci, the greatest ultimate tensile stress occurred in the central region with 
the lowest UTS occurring in the posterior. This pattern was repeated in the values of ultimate 
tensile strain for both injured and arthritic menisci. However, an increase in the value of 
ultimate tensile stress was determined in arthritic menisci, from a minimum in the anterior 
through to a maximum in the posterior region. In the circumferential orientation, a lack of 
test material meant that regional variation could only be determined within injured menisci. 
When subject to tensile strains of less than 70 percent, the central region of injured menisci 
displayed the greatest tensile strength with the posterior showing a greater strength at strains 
above 70 percent. At all tensile strains, the anterior region displayed a significantly lower 
tensile strength than both other regions. The greatest ultimate tensile stress occurred in the 
central region, with the lowest in the anterior. Ultimate tensile strain was shown to decrease 
posteriorly, from a maximum value in the anterior region. Tangent modulus displayed a 
significant increase posteriorly through the injured menisci, with the lowest value displayed 
by the anterior region. When subject to tensile strains of less than 10 percent, the central 
region of radially orientated injured menisci showed a greater tensile strength than both other 
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regions. At tensile strains greater than 10 percent, the posterior displayed a greater tensile 
strength, with the anterior region the least strong throughout. In arthritic menisci, the central 
region showed a greater strength than both the anterior and posterior, with the posterior 
region remaining the weakest throughout. In injured menisci, a significant posterior decrease 
in both the ultimate tensile stress and strain was identified, with a maximum in the anterior 
and minimum in the posterior region. However, in arthritic tissue a significant posterior 
increase was determined in both ultimate tensile stress and strain, from a minimum in the 
anterior to a maximum in the posterior region. A greater tangent modulus was found in the 
anterior region of injured menisci, with the central region displaying the lowest stiffness. The 
central region of arthritic menisci also displayed the lowest stiffness of the three regions but 
the posterior region displayed the greatest tensile stiffness. 
The mechanical properties of the meniscus were found to vary significantly dependent upon 
from which meniscus the test sample originated. In the axial orientation, medial and lateral 
menisci displayed a similar tensile strength in both tissue pathologies at tensile strains less 
than 40 percent, with the lateral becoming stronger at strains greater than 40 percent in the 
injured tissue. In arthritic menisci the medial displayed a greater tensile strength throughout. 
In both tissue pathologies, greater ultimate tensile stress and tangent modulus occurred in the 
lateral menisci compared to the medial, whilst the medial displayed a significantly greater 
ultimate tensile strain than the lateral menisci. In the circumferential orientation, only injured 
menisci were available for comparison, due to a lack of test material. In the injured tissue, 
the lateral menisci displayed a significantly greater tensile strength over the full range of 
tensile strains. Ultimate tensile stress and tangent modulus were found to be significantly 
greater in the medial menisci, with the lateral menisci displaying a greater ultimate tensile 
strain. In the radial orientation, only arthritic menisci provided data from both medial and 
lateral menisci to enable a comparison. The lateral menisci displayed a greater tensile 
strength than the medial over the full range of tensile loading and provided greater values of 
ultimate tensile strength and ultimate tensile strain than corresponding medial menisci. 
However, the tangent modulus and hence, tissue stiffness was greater in the medial menisci. 
The mechanical properties were found to vary significantly upon from which knee the 
menisci originated. In the axial orientation, injured menisci from the right knee displayed a 
greater tensile strength over the full range of tensile strains, whereas the left knee menisci 
proved to be stiffer than the right in arthritic menisci. Ultimate tensile stress, ultimate tensile 
strain and tangent modulus were all found to have greater values in the right knee menisci 
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compared to the left. In arthritic tissue, the left knee menisci showed greater values of 
ultimate tensile stress and tangent modulus, with right knee menisci providing a larger value 
of ultimate tensile strain. In the circumferential orientation, only one of the four tests on 
arthritic tissue was performed on right knee menisci, with all tests completed on injured 
menisci originating from the right knee. In radially orientated injured menisci, menisci from 
the left knee provide a greater tensile strength over the full range of tensile strains, with the 
right knee menisci displaying a larger tensile strength in arthritic tissue. Ultimate tensile 
stress, ultimate tensile strain and tangent modulus all proved to be significantly greater in the 
right knee menisci compared to the left in the injured samples. In the arthritic menisci, 
ultimate tensile stress and tangent modulus were greater in right knee menisci, with the left 
knee menisci displaying a greater ultimate tensile strain. 
The mechanical properties were found to vary significantly between tissue obtained from 
male and female patients. In axially orientated tissue, when subject to tensile strains of less 
than 25 percent, male menisci displayed a greater tensile strength in the injured menisci, 
whereas female menisci provided greater tensile strength at corresponding tensile strains in 
the arthritic tissue. At tensile strain greater than 25 percent in the injured menisci, female 
menisci displayed a greater strength than male tissue, whereas male menisci proved stronger 
at strains greater than 60 percent in arthritic tissue. In both tissue pathologies, female menisci 
provided higher values of ultimate tensile stress, ultimate tensile strain and tangent modulus 
than corresponding male tissue. All tissue tested in the circumferential orientation originated 
from male menisci, therefore, no gender variation comparison was possible. When subject to 
low tensile strains of less than 25 percent, radially orientated injured menisci from male 
patients displayed a greater tensile strength than female, with female menisci greater at 
tensile strains above 25 percent in the injured tissue and at all strains in the arthritic menisci. 
Male menisci provided greater values of ultimate tensile stress, ultimate tensile strain and 
tangent modulus in the injured menisci. In the arthritic menisci, tissue from female patients 
showed greater ultimate tensile stress and strain, with a greater tangent modulus occurring in 
male menisci. 
The mechanical properties of human menisci were shown to be age-dependent. In all three 
orientations, ultimate tensile strength decreased with respect to increasing age across the full 
range of samples, with a significant linear decrease found in both the axial and radial 
orientations. However, within arthritic menisci, ultimate tensile stress tended to increase with 
age. Ultimate tensile strain showed a trend to decrease with advancing age across the full 
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range of test samples, with significant linear decreases found in both the axial and radial 
orientations. However, with the arthritic menisci, ultimate tensile strain displayed a trend to 
increase with advancing age in the circumferential and radial orientations. Tangent modulus 
appeared to decrease with increasing age in the axial orientation across the full range and 
injured only test samples, whilst appearing to decrease within the arthritic tissue. In both the 
circumferentially and radially orientated menisci, tangent modulus displayed a distinct linear 
increase with increasing age over the full range of samples, yet a linear trend to decrease 
within both of the two pathology specific groups of menisci. 
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Analysis of Variance (ANOVA) 
Analysis of variance was performed on the experimental values of the regression parameters 
and material properties obtained from each tensile test (N=183) and six independent factors. 
ANOVA Tension Regression Parameters 
Response 
Factor 
A B AB AB' r S 
Orientation p0.144 p=0.064 p=0.001 p=0.000 p=0.326 p=0.012 
* * * 
Pathology p=0.536 p=0.786 p0.001 p0.000 p0.327 p0.215 
* * 
Location p0.243 p=O.00l p=0.514 p0.000 p=0.544 p=0.024 
* * * 
Meniscus p0.063 p0.109 p=0.000 p0.000 p=0.997 p=0.664 
* * * 
Knee p=0.391 p=0.000 p0.435 p=0.063 p=O.l40 p=0.607 
* 
Gender p=0.971 p=0.694 p0.825 p0.177 p=0.000 p0.944 
* 
Table 8.32 ANOVA results for model parameters A and B, calculated values AB and AR 2 , 
correlation r and sample error S for tensile tests. f* denotes statistical sign jflcanceJ 
Table 8.32 displays the results of the ANOVA performed on the regression model 
parameters A and B, associated correlation coefficient r and sample error S, calculated values 
AB and AB 2 and the six factors to be investigated. Orientation, pathology and meniscus are 
highlighted as very highly statistically significant in the calculated values of AB and AB 2 . 
Interactions are also highlighted between the meniscus (medial or lateral) and model 
parameter A, and the knee (right or left) and parameter B. Location of the tissue tested is 
highlighted as a significant factor in parameter B and calculated AB 2 . The sample error 
involved in the application of Fung's exponential model appears to be affected by the 
orientation and location of the men iscal tissue tested. 
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ANOVA Tension Material Properties 
Response Ultimate Ultimate Tangent e Strain 
Factor Stress Strain Modulus Intersect 
Orientation p=O.0'0'0 p=O.039 p=O.000 p=O.001 p=O.176 
* * * * 
Pathology p=0.212 p=0.003 p=0.085 p=0.613 p=0.262 
* 
Location p=0.000 p=0.767 p0.026 p0.171 p=0.375 
* * 
Meniscus p=0.000 p0.867 p0.002 p0.904 p=0.840 
* * 
Knee p=O.112 p=0.001 p=0.309 p0.266 p=0.612 
* 
Gender p=0.759 p=0.740 p=0.624 p=O.00l p=0.574 
* 
Table 8.33 ANOVA results for ultimate tensile stress, ultimate tensile strain, tangent modulus, 
coefficient of determination and strain intersect for tensile tests. f* denotes statistical 
significance] 
Table 8.33 displays the results of the ANOVA performed on the experimental results of 
ultimate tensile stress, ultimate tensile strain, tangent modulus, coefficient of determination 
r2 and strain intersect for the six factors. Orientation is highlighted as a very highly 
statistically significant factor that affects the values of ultimate tensile stress and ultimate 
tensile strain and the tangent modulus and its coefficient of determination, r2 . Location and 
meniscus are also highlighted as statistically significant factors for both the ultimate tensile 
stress and tangent modulus of the meniscus. Tissue pathology and knee are highlighted as 
being significant factors in the value of ultimate tensile strain. 
Robert Moran 	 179 
8.0 The Meniscus under Tension 
Regression Model 
Experimental stress-strain data were fitted to Fung's exponential model for biological tissues 
[Equation 6] using a non-linear regression procedure and this model provided a neat fit for 
all specimens (N=183) with no inflexion points. The ability of the constitutive model to 
describe the menisci behaviour was compared to the experimental data based on the 
correlation coefficient r and the sample error S, Table 8.34. Fung's model produced an 
average correlation factor r of 0.9799 (±0.0314 SD) [±0.0023 SEM] and a sample error S of 
0.4509 (±0.2845) [±0.0210] MPa. 
Orientation Pathology Correlation (±SD) Sample Error, (±SD) 
.... ft].... 
All Average (183) 0.9799 (±0.0314) 0.4509 (±0.2845) 
[±0.0023] [±0.0210] 
Axial Injury (N=52) 0.9914 (±0.0074) 0.4036 (±0.2664) 
[±0.0010] [±0.0369] 
Arthritic (N20) 0.9900 (±0.0068) 0.2889 (±0.1294) 
[±0.0015] [±0.0289] 
Average (N=72) 0.9910 (±0.0072) 0.3717 (±0.2411) 
[±0.0009] [±0.0284] 
Circumferential Injury (N=31) 0.9616 (±0.0297) 0.4308 (±0.2781) 
[±0.0053] [±0.0499] 
Arthritic (N4) 0.9873 (±0.0092) 0.3186 (±0.1447) 
[±0.0046] [±0.0723] 
Average (N=35) 0.9650 (±0.0292) 0.4179 (±0.2672) 
[±0.0049] [±0.0452] 
Radial Injury (N=48) 0.9732 (±0.0423) 0.5955 (±0.3389) 
[±0.0061] [±0.0489] 
Arthritic (N28) 0.9824 (±0.0399) 0.4481 (±0.2180) 
[±0.0075] [±0.0412] 
Average (N=76) 0.9866 (±0.0414) 0.5412 (±0.3069) 
1±0.00481 1±0.03521 
Table 8.34 Correlation factor r and sample error S for the regression model parameters. 
A distinctive fit was observed for all samples regardless of the test orientation, meniscal 
pathology, location, meniscus, knee and gender of the patients. This ensured that the 
regression model could be used to accurately determine and analyse the mechanical 
properties and behavioural characteristics of the meniscus when subjected to uniaxial tensile 
loading. Throughout the statistical analysis of the regression model data, the experimental 
data were checked and the model data verified. 
The best correlation coefficient for the regression model and experimental data occurred in 
the axial orientation, significantly greater than the circumferential (p=0.0000) and radial 
(p<O.00S). Correlation in the radial plane was significantly greater than the circumferential 
(p0.0000). Sample error in the radial plane was significantly greater than both the axial 
(p<0.05) and circumferential (p<0.0005), with the latter values comparable. Correlation was 
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greater in the circumferential arthritic tissue, p<0.005,  and radial orientation of arthritic 
menisci compared to corresponding injured tissue, but greater in the axial orientation of 
injured menisci than in arthritic tissue. Sample error in injured menisci was greater than 
arthritic for all corresponding values, significant in the axial (p<0.05) and radial (p<0.05) 
orientations. 
Axial: In the axial orientation, no significant differences were found in the correlation 
coefficient due to regional variation in the injured menisci, but the anterior region of arthritic 
menisci had a significantly lower value of r than the central region (p<O.Ol). No significant 
differences were found in the correlation or sample error due to meniscal pair (medial or 
lateral), knee (right or left) or gender (male or female) variations within the specimens. 
Circumferential: In the circumferential orientation, correlation in the central region was 
significantly greater than both the anterior (p<0.005) and posterior (p<0.005), which were 
comparable. Sample error in the central region was significantly less than that of the 
posterior (p<0.05). No significant differences were found in the correlation or sample error 
due to meniscal pair (medial or lateral), knee (right or left) or gender (male or female) 
variations within the specimens. 
Radial: In the radial orientation, correlation in the posterior region of injured menisci was 
significantly greater than that in the central (p<0.05). Sample error in the anterior region was 
significantly greater than in the posterior (p<O.Ol) and central (p<0.005). No significant 
differences were found in the correlation or sample error due to meniscal pair (medial or 
lateral), knee (right or left) or gender (male or female) variations within the specimens. 
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Orientation 
Meniscal tissue was subjected to constant strain-rate, uniaxial tensile loading in three distinct 
orthogonal planes, i.e. axial, circumferential and radial. Statistically significant differences 
were found in the response of the material in all three orientations; i.e. the meniscus was 
confirmed to be highly anisotropic under uniaxial tensile loading. 
Regression Model Parameters 
Parameter A of the non-linear regression model was greatest in the radial orientation but 
comparable to that found in the circumferential. The value of A in the axial orientation was 
significantly less than that in the circumferential (p<0.05). Parameter B was significantly less 
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Figure 8.78 Regression model parameters A and B; dependence upon orientation. 
Orientation 	A (±SD) [SE] B (±SD) [SE] 
Axial (N=72) 	7.580 (±11.860) [1.400] 3.926 (±2.474) (0.292] 
Circumferential (N=35) 	12.490 (±13.160) [2.220] 2.041 (±2.006) [0.339] 
Radial (N76) 	13.400 (±14.030) [1.610] 3.542 (±2.761) [0.317] 
Table 8.35 Regression model parameters A and B; dependence upon orientation. 
Calculated AB was very highly significantly greater in the radial orientation than the axial 
(p=0.0000) and circumferential (p0.0000), with AB in the axial plane larger than the 
circumferential but not statistically significant. The greatest value of AB  was found in the 
radial orientation, significantly greater than that found in the axial (p<0.005) and 
circumferential (p=0.0000). AB2 in the axial was significantly 100 percent greater than that 
of the circumferential orientation, p<0.005. 
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Figure 8.79 Calculated values of AB and AB2 ; dependence upon orientation. 
Orientation AB 	(P)JLB2 .._iP)iL. 
Axial (N=72) 15.02 (±12.85) [1.51] 	50.24 (±42.46) [5.00] 
Circumferential (N=35) 11.32 	(±10.10) [1.71] 	25.31 (±41.82) [7.07] 
Radial (N=76) 25.43 	(±17.27) [1.98] 	80.83 (±77.92) [8.94] 
Table 8.36 Calculated values of AB and AB2 ; dependence upon orientation. 
The stress-strain behaviour of the meniscus when subject to uniaxial tensile loading is shown 
in Figure 8.80. Radially orientated meniscal samples remain stiffer throughout the full range 
of applied load, with circumferential menisci significantly less stiff than both the radial and 
axial. The difference between the circumferential orientation and the axial and radial 
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Figure 8.80 Stress-strain behaviour; dependence upon orientation. 
Material Properties 
Ultimate tensile stress in the radial orientation was highly significantly greater than both the 
axial (p<0.005) and circumferential (p=0.0000). Circumferential samples failed at 
significantly lower stresses than those in both the axial (p<0.005) and radial orientations, 
Figure 8.81 and Table 8.37. Ultimate tensile strain in the circumferential orientation was 
significantly greater than both the axial (p0.0000) and radial (p0.0000) orientations. No 
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differences were found in the values of ultimate tensile strain between the axial and radial 
tissue tests, Figure 8.81 and Table 8.37. Tangent modulus was significantly greater in the 
radial plane, compared to both the axial (p<0.005) or circumferential (p=0.000). Tangent 
modulus in the circumferential orientation was significantly less than both the axial 
(p=0.0000) and radial, Figure 8.81. The correlation of the linear fit that provides the tangent 
modulus data is indicated by the coefficient of determination r2 . This was significantly better 
in the axial orientation compared to the circumferential (p=0.0000) and radial (p<O.OS), with 
the radial significantly better than the circumferential (p<0.0005), Table 8.38. Strain intersect 
in the circumferential orientations was significantly less than in the axial (p<0.005) and 
radial (p<O.00I), with the latter values comparable, Table 8.38. 
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Figure 8.81 Ultimate tensile stress (MPa), ultimate tensile strain and tangent modulus (MPa); 
dependence upon orientation. 
Orientation Ultimate (±SD) Ultimate (±SD) 
Stress (M [SEM].._ Strain[SEM] 
Axial (N=82) 14.840 (±11.490) 0.5464 (±0.2977) 
[1.270] [0.0329] 
Circumferential (N50) 9.828 (±5.986) 0.8838 (±0.4477) 
[0.847] [0.0633] 
Radial (N=77) 21.270 (±16.010) 0.5617 (±0.3565) 
11.8201 [0.0406] 
Table 8.37 Ultimate tensile stress (MPa) and ultimate tensile strain; dependence on orientation. 
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Orientation Tangent (±SD) r2 	(±SD) Strain (±SD) 
Modulus [SEM] [SEM] Intersect [SEM] 
Axial (N=82) 41.65 (±28.63) 0.9410 	(±0.0664) 0.1060 (±0.1190) 
[3.16] [0.0073] [0.0131] 
Circumferential (N50) 17.27 (±13.69) 0.8158 	(±0.1420) 0.0257 (±0.1621) 
[1.96] [0.0201] [0.0229] 
Radial (N=77) 54.92 (±28.86) 0.9056 	(±0.1181) 0.0989 (±0.1140) 
13.271 10.01341 10.01 291 
Table 8.38 Tangent modulus (MPa), coefficient of determination r2 and strain intersect; 
dependence on orientation. 
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Pathology 
The menisci subjected to uniaxial tensile loading originated from two distinct pathological 
groups, trauma (injury) and osteoarticular disease. Significant differences in the mechanical 
properties and behavioural characteristics of the tissue response to uniaxial tensile loading 
were found between the two pathologies in all three test orientations. 
Regression Model Parameters 
No statistically significant differences were found in the values of regression model 
parameter A and B due to pathology. Parameter A had similar values in both the radial and 
circumferential orientations of injured menisci, both greater than the axial. In arthritic 
menisci, parameter A in the radial orientation was significantly greater than both the 
circumferential and axial, with parameter A in the axial plane less than the circumferential. 
In both tissue pathologies, parameter B was significantly less in the circumferential 
orientation than the axial and radial, the latter having similar values. Both parameters A and 
B in the arthritic menisci were greater in the axial and radial orientations compared to the 
corresponding values in injured tissue, Figure 8.82. Parameter B in the circumferential plane 
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Figure 8.82 Regression model parameters A and B; dependence upon orientation and pathology. 
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Orientation A (±SD) B (±SD) 
[SEMI LSEML 
Axial (N=52) 7.260 (±9.480) 3.623 (±2.276) 
[1.310] [0.316] 
Circumferential (N=31) 12.600 (±13.760) 1.938 (±2.017) 
[2.470] [0.362] 
Radial (N=48) 12.440 (±11.090) 3.188 (±2.574) 
[1.600] [0.371] 
Axial (N20) 	8.430 	(±16.830) 4.713 	(±2.840) 
[3.760] [0.635] 
Circumferential (N=4) 	11.650 	(±8.250) 2.834 	(±1.994) 
[4.130] [0.997] 
Radial (N=28) 	15.040 	(±18.120) 4.148 	(±3.008) 
(3.420] [0.568] 
Table 8.39 Regression model parameters A and B; dependence upon orientation and pathology. 
Calculated AB was greatest in the radial orientation in both tissue pathologies, having its 
smallest value in the circumferential plane of injured tissue and the axial plane of arthritic 
menisci. In all three test orientations, the value of AB was greater in the arthritic menisci 
compared to the injured tissue, Figure 8.83. Pathology was not found to be a statistically 
significant factor in the value of AB. Similarly, calculated AB  was greatest in the radial 
orientation of both tissue types and significantly greater in arthritic menisci (p<0.05) than 
injured. AB 2 in the both the axial and circumferential plane of injured menisci was less than 
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Figure 8.83 Calculated values of AB and AR 2 ; dependence upon orientation and pathology. 
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8.0 The Meniscus under Tension 
Orientation AB 	(±SD) (SEM) AB 	(±SD) [SEMI 
Axial (N=52) 14.47 	(±13.15) [1.82] 45.30 	(±40.06) [5.56] 
el Circumferential (N=31) 10.06 	(±8.57) [1.54] 20.72 	(±39.34) [7.07] 
- 	 Radial (N48) 23.46 	(±15.72) [2.27] 70.23 	(±68.93) [9.95] 
	
Axial (N20) 	16.46 	(±12.26) [2.74] 	63.10 	(±46.8) [10.5] 
Circumferential (N4) 	21.08 	(±16.66) [8.33] 	60.80 	(±49.40) [24.70] 
cc 	 Radial (N28) 	28.81 	(±19.49) [3.68] 	99.00 	(±89.70) [17.0] 
Table 8.40 Calculated values of AB and AB2 ; dependence upon orientation and pathology. 
In each of the three orientations, arthritic menisci were stiffer than injured menisci, with the 
characteristic anisotropy previously described, clearly evident within both pathologies. This 
anisotropy is maintained throughout the whole range of tensile strain, Figure 8.84, with the 
radial and axial orientations of both tissue pathologies significantly greater in tensile strength 




Figure 8.84 Stress-strain behaviour; dependence upon pathology and orientation. 
Material Properties 
Injured menisci failed at a higher tensile stress than corresponding arthritic tissue in both the 
radial and axial orientation, statistically significant in the axial orientation (p<0.05). Ultimate 
tensile stress in the circumferential orientation was comparable for injured and arthritic 
menisci. Ultimate tensile strain was highest in the circumferential orientation of both injured 
and arthritic menisci, and their values similar. Axial and radial ultimate tensile strain was 
similar for both tissue pathologies, but the ultimate tensile strain of injured menisci was 
significantly larger than that of arthritic tissue in both the axial (p=0.0000) and radial 
(p<0.0005) orientations. 
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Figure 8.85 Ultimate tensile stress (MPa) and ultimate tensile strain; dependence upon 
orientation and pathology. 
Orientation Ultimate (±SD) Ultimate (±SD) 
Stress i!v!L 
Axial (N=55) 16.800 (±12.690) 0.6271 (±0.3249) 
[1.710] [0.0438] 
Circumferential (N=43) 9.718 (±5.959) 0.8924 (±0.4065) 
[0.909] [0.0620] 
Radial (N=49) 23.140 (±16.720) 0.6611 (±0.4016) 
[2.390] [0.0574] 
Axial (N=27) 	10.850 	(±7.230) 	0.3821 (±0.1228) 
[1.390] .2 (0.0236] 
Circumferential (N6) 	10.510 	(±6.590) 	0.831 (±0.690) 
[2.490] [0.261] 
Radial (N=28) 	18.000 	(±14.400) 	0.3876 (±0.1472) 
12.7201 10.02781 
Table 8.41 Ultimate tensile stress (MPa) and ultimate tensile strain; dependence upon 
orientation and pathology. 
Tangent modulus was greatest in the radial orientation and lowest in the circumferential 
within both tissue pathologies. In both the radial and circumferential orientations, tangent 
modulus was largest in the arthritic menisci. No statistically significant difference was found 
in the value of the tangent modulus in the axial orientation due to pathology, Figure 8.86. 
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Figure 8.86 Tangent modulus; dependence upon orientation and pathology. 
The linear fit found in calculating the tangent modulus was less in the circumferential 
orientation than the radial and axial in both tissue pathologies, but no significant differences 
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were found in any orientation due to the effects of pathology, Table 8.42. Strain intersect 
was also lowest in the circumferential orientation, and a negative value for arthritic menisci 
was determined in this orientation. Strain intersect was greatest in the axial orientation of 
injured menisci, but greatest in the radial orientation in arthritic menisci. Value of strain 
intersect were greater in the injured menisci in all three orientations when compared to 
arthritic, statistically significantly greater in both the axial (p=0.0000) and circumferential 
(p<O.OS). 
Orientation Tangent (±SD) (±SD) Strain (±SD) 
Modulus [SEMJ [SEMI Intersect [SEM] 
Axial (N=55) 42.84 (±29.88) 0.9469 	(±0.06765) 0.1356 (±0.1302) 
[4.03] [0.00912] [0.01 76] 
Circumferential (N=43) 16.42 (±13.00) 0.8128 	(±0.1451) 0.0356 (±0.1719) 
F [1.98] [0.0221] [0.0262] 
Radial (N50) 51.04 (±29.20) 0.8963 	(±0.1322) 0.1062 (±0.1265) 
[4.13] [0.0187] [0.0179] 
Axial (N=27) 	39.23 	(±26.29) 0.9289 	(±0.0632) 0.0458 	(±0.0574) 
[5.06] [0.0122] [0.0110] 
Circumferential (N=7) 	23.35 	(±18.12) 0.8338 	(±0.1296) -0.0352 	(±0.0512) 
[7.40] [0.0490] [0.01 94] 
Radial (N=28) 	61.84 	(±27.38) 0.9224 	(±0.0872) 0.0858 	(±0.0880) 
[5.18] (0.0165] [0.0166] 
Table 8.42 Tangent modulus (MPa), coefficient of determination and strain intersect; 
dependence upon orientation and pathology. 
Robert Moran 	 190 
8.0 The Meniscus under Tension 
Regional Variation 
Meniscal tissue was sectioned into three distinct regions, anterior, central and posterior for 
uniaxial tensile testing and statistically significant differences were found in the response of 
the material in all three distinct regions, i.e. the meniscus was found to be inhomogeneous 
with respect to circumferential location, for both tissue pathologies. 
The results and statistical analysis appears limited in parts due to the nature of samples 
received for testing. No tensile tests were possible on arthritic menisci from the central and 
posterior regions in the circumferential orientation. 
Summary 
In axially orientated menisci, parameter A in the central region of injured menisci was 
significantly greater than both the anterior and posterior, p<0.05, with the lowest occurring 
in the posterior region. However, the anterior region of arthritic menisci displayed the 
greatest value of A, the lowest in the central region. Parameter B increased posteriorly in 
both tissue pathologies from a minimum in the anterior and significant differences were 
identified within the injured menisci. All regions of arthritic menisci displayed greater tensile 
strength compared to those within injured menisci. The posterior regions of both tissue 
pathologies displayed a significantly greater tensile strength and tissue stiffness, with the 
anterior regions displaying the lowest values. Within injured menisci, the greatest ultimate 
tensile stress occurred in the central region with the lowest ultimate tensile stress occurring 
in the posterior. This pattern was repeated in the values of ultimate tensile strain for both 
injured and arthritic menisci. However, an increase in the value of ultimate tensile stress was 
determined in arthritic menisci, from a minimum in the anterior through to a maximum in the 
posterior region. 
In the circumferential orientation, a lack of test material meant that regional variation could 
only be determined within injured menisci. In circumferentially orientated injured menisci, 
parameter A was greatest in the central region, with its value in the posterior region 
significantly less than that of the anterior, p<0.05. Parameter B was greatest in the posterior 
region, lowest in the central. When subject to tensile strains of less than 70 percent, the 
central region of injured menisci displayed the greatest tensile strength with the posterior 
showing a greater strength at strains above 70 percent. At all tensile strains, the anterior 
region displayed a significantly lower tensile strength than both other regions. The greatest 
ultimate tensile stress occurred in the central region, with the lowest in the anterior. Ultimate 
tensile strain was shown to decrease posteriorly, from a maximum value in the anterior 
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region. Tangent modulus displayed a significant increase posteriorly through the injured 
menisci, with the lowest value displayed by the anterior region. 
In the radial orientation, parameter A decreased posteriorly in the injured menisci and 
increased posteriorly in the arthritic. Parameter B in the injured menisci increased 
posteriorly, whilst in the arthritic, the lowest value of B was determined in the posterior 
region, the greatest in the central. When subject to tensile strains of less than 10 percent, the 
central region of radially orientated injured menisci showed a greater tensile strength than 
both other regions. At tensile strains greater than 10 percent, the posterior displayed a greater 
tensile strength, with the anterior region the least strong throughout. In arthritic menisci, the 
central region showed a greater strength than both the anterior and posterior, with the 
posterior region remaining the weakest throughout. In injured menisci, a significant posterior 
decrease in both the ultimate tensile stress and strain was identified, with a maximum in the 
anterior and minimum in the posterior region. However, in arthritic tissue a significant 
posterior increase was determined in both ultimate tensile stress and strain, from a minimum 
in the anterior to a maximum in the posterior region. A greater tangent modulus was found in 
the anterior region of injured menisci, with the central region displaying the lowest stiffness. 
The central region of arthritic menisci also displayed the lowest stiffness of the three regions 
but the posterior region displayed the greatest tensile stiffness. 
Axial 
Regression Model Parameters 
Parameter A in the central region of injured menisci was significantly greater than both the 
posterior and anterior (p<0.05),  with the lowest value occurring in the posterior region. The 
anterior region of arthritic menisci displayed the greatest value of parameter A with the 
central region lowest, but no significant differences were identified, Table 8.43 and Figure 
8.87. In both tissue pathologies, parameter B increased posteriorly, Figure 8.87. In injured 
menisci, significant differences were determined between all three regions for parameter B, 
with the posterior significantly greater than both the anterior (p<O.00 1) and central (p<0.05). 
Parameter B in the central region was significantly greater than the anterior region (p<0.05). 
No significant differences were found in arthritic menisci, but the pattern of regional 
variation can be clearly observed in Figure 8.87. 
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Figure 8.87 Regression model parameters A and B; regional variation in the axial orientation. 
AXIAL 	Location A (±SD) [SEM] B (±SD)[SEM] 
A (N=11) 7.070 (±6.280) [1.890] 2.413 (±1.124)[0.339] 
C (N=29) 9.130 (±11.540)[2.140] 3.591 (±2.301)[0.427] 
- 	 P (N=12) 2.903 (±3.439) [0.993] 5.059 (±2.223) [0.642] 
	
A (N=11) 	9.580 	(±20.930) [6.310] 	4.029 	(±1.910) [0.576] 
C (N=3) 	5.430 	(±5.000) [2.890] 	5.300 	(±2.450) [1.410] 
P (N=6) 	7.820 	(±13.500) [5.510] 	5.670 	(±4.310) [1.760] 
Table 8.43 Regression model parameters A and B; regional variation in the axial orientation. 
Calculated AB was greatest in the central region of both tissue pathologies with the anterior 
and posterior regions having similar values. However, the values of calculated AB compared 
regionally between the two pathologies highlights arthritic menisci having significantly 
greater values than that of the corresponding injured tissue, Figure 8.88 and Table 8.44. In 
the injured menisci, AB 2 increased posteriorly, with the anterior region significantly less than 
both the central (p<0.01) and posterior (p<0.05). The posterior region of arthritic menisci 
displayed the lowest value of AB 2, the highest value occurring in the central region, Figure 
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Figure 8.88 Calculated values of AB and AB 2 ; regional variation in the axial orientation. 
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8.0 The Meniscus under Tension 
AXIAL 	 Location AB (±SD) [SEMI AB  (±SD) [SEMI 
A (N=11) 11.43 (±9.62) [2.90] 22.30 (±18.58) [5.60] 
C (N=29) 16.57 (±15.10) [2.80] 47.68 (±36.76) [6.83] 
- 	 P (N=12) 12.16 (±10.48) [3.02] 60.60 (±53.70) [15.50] 
	
A (N=11) 	15.32 	(±9.02) [2.72] 	60.40 	(±52.00) [15.70] 
C (N=3) 	21.24 	(±8.46) [4.88] 104.50 	(±52.30) [30.20] 
P (N=6) 	16.18 	(±19.06) [7.78] 	47.31 	(±21.79) [8.90] 
Table 8.44 Calculated values of AB and AB2 ; regional variation in the axial orientation. 
When axial samples of meniscus are subject to low strain, all regions of arthritic menisci 
proved stronger compared to injured menisci, Figure 8.89. However, the posterior region of 
arthritic menisci was significantly stiffer than the anterior and central, whilst the central 
region of injured menisci was significantly stiffer than the posterior and anterior. As tensile 
strain increased above 75 percent the posterior region of injured menisci became stiffer than 
the anterior and central. This regional variation, evident at tensile strain greater than 75 
percent in the injured menisci appears in the arthritic tissue at strain greater than 45 percent. 
At high tensile strains the anterior regions display the lowest tensile strength in both tissue 
Figure 8.89 Stress-strain behaviour; regional variation in the axial orientation. 
Material Properties 
Ultimate tensile stress was greater in all regions of the injured meniscus when compared to 
arthritic menisci in the axial orientation. In injured menisci, the greatest ultimate tensile 
stress was found in the central region, the lowest in the posterior, Table 8.44. In arthritic 
menisci, ultimate tensile stress values increased from anterior to posterior. The lowest 
ultimate tensile strain was found in the posterior region of both tissue pathologies, with the 
central region displaying the greatest, Table 8.44. No statistically significant regional 
differences in the value of ultimate tensile strain were found. 
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Ultimate Tensile Stress (MPa) 
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Figure 8.90 Ultimate tensile stress (MPa) and ultimate tensile strain; regional variation in the 
axial orientation. 
AXIAL 	Location Ultimate (±SD) [SEM] Ultimate (±SD) [SEM] 
Stress (MPa) Strain 
A (N=12) 16.06 (±12.98) [3.75] 0.6130 (±0.3344) [0.0965] 
C (N=30) 18.03 (±14.07) [2.57] 0.6722 (±0.3535) [0.0645] 
El 
- 	 P (N=13) 14.65 (±9.06) [2.51] 0.5362 (±0.2371) [0.0658] 
A (N=16) 	 9.63 	(±5.72) [1.43] 	0.4013 	(±0.1284) [0.0321] 
C (N=4) 	 11.31 	(±5.95) [2.97] 	0.4131 	(±0.1443) [0.0721] 
P (N=7) 	 13.39 	(±10.76) [4.07] 	0.3204 	(±0.0874) [0.0330] 
Table 8.45 Ultimate tensile stress (MPa) and ultimate tensile strain; regional variation in the 
axial orientation. 
In both injured and arthritic menisci, tangent modulus increased posteriorly, Figure 8.91. The 
central and posterior regions were stiffer in arthritic menisci compared to injured tissue, with 
the anterior region stiffest in injured menisci. Within the injured menisci, coefficient of 
determination, r 2 was least in the central section with the anterior and posterior regions 
having similar values, The central and posterior regions provided similar best fits for the 
arthritic menisci, Table 8.46. Strain intersect was greatest for the posterior region in both 
tissue pathologies, but greater in injured menisci than corresponding arthritic samples. No 
significant differences were determined. 
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Figure 8.91 Tangent modulus (MPa); regional variation in the axial orientation. 
AXIAL 	Location Tangent (±SD) (±SD) Strain (±SD) 
Modulus [SEMI ________ 	[EM] Intersect [SEM] 
A(N=12) 39.50 (±43.60) 0.9516 (±0.0580) 0.1137 (±0.1074) 
[12.60] [0.0167] [0.0310] 
C (N=30) 41.22 (±24.73) 0.9396 	(±0.0787) 0.1305 (±0.1466) 
[4.51] [0.0144] [0.0268] 
- P(N=13) 49.71 (±27.00) 0.9597 	(±0.0469) 0.1673 (±0.1101) 
[7.49] [0.013] [0.0305] 
A (N=16) 	32.03 	(±16.99) 0.9124 	(±0.0701) 0.0383 	(±0.0448) 
[4.25] [0.0175] [0.0112] 
C (N=4) 	42.90 	(±24.50) 0.9527 	(±0.0436) 0.0279 	(±0.0721) 
[12.30] [0.0218] [0.0360] 
P (N=7) 	53.60 	(±39.80) 0.9529 	(±0.0477) 0.0732 	(±0.0737) 
115.1OL [0.0180] 10.02791 
Table 8.46 Tangent modulus (MPa), coefficient of determination and strain intersect; regional 
variation in the axial orientation. 
Circumferential 
Regional variation could only be analysed within the injured menisci due to a lack of test 
data concerning the central and posterior regions of the arthritic tissue in the circumferential 
orientation. 
Regression Model Parameters 
Parameter A had its highest value determined in the central region, whilst parameter A in the 
posterior region was significantly less than that of the anterior (p<0.05), Figure 8.92 and 
Table 8.47. This pattern was reversed for parameter B with the highest value occurring in the 
posterior region and the lowest determined in the central region, Figure 8.92 and Table 8.47. 
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Figure 8.92 Regression model parameters A and B; regional variation in the circumferential 
orientation. 
CIRCUM Location A (±SD) B (±SD) 
A(N=12) 13.550 (±13.550) 1.811 (±2.240) 
[3.910] [0.647] 
C (N=5) 24.020 (±20.920) 1.135 (±1.018) 
[9.210] [0.455] 
P (N=14) 7.700 (±8.600) 2.334 (±2.096) 
[2.300] [0.56] 
A (N=4) 11.650 (±8.250) 2.834 (±1.994) 
[4.130] [0.997] 
C(N=O) - - - - 
-C 
P(N=O) - - - - 
Table 8.47 Regression model parameters A and B; regional variation in the circumferential 
orientation. 
Calculated AB was greatest in the central region, with similar values found in the anterior 
and posterior regions, Figure 8.93 and Table 8.48. The largest calculated value of AB  was 
found in the posterior region, with similar values determined for the anterior and central 
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Figure 8.93 Calculated values of AB and AB 2 ; regional variation in the circumferential 
orientation. 
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8.0 The Meniscus under Tension 
CIRCUM 	Location 	AS 	(±SD) 	AF 	(±SD) 
[SEMI 
	
A(N=12) 	9.66 	(±9.83) 	13.11 	(±16.34) 
[2.84] [4.72] 
C(N=5) 	11.85 	(±1.50) 	12.41 	(±10.31) 
[0.67] [4.61] 
- 	 P (N=14) 	9.76 	(±9.25) 	30.20 	(±56.00) 
[2.47] [15.00] 
A(N=4) 	21.08 	(±16.66) 	60.80 	(±49.40) 
[8.33] [24.70] 
C(N=O) 	- 	 - 	- 	 - 
P(N=O) 	- 	 - 	- 	 - 
Table 8.48 Calculated values of AB and AB2 ; regional variation in the circumferential 
orientation. 
When subject to low tensile strain, the central region of meniscus in the circumferential 
orientation was significantly stronger than the posterior and anterior, Figure 8.94. The 
anterior region remained the weakest throughout the full range of strains. As strain increased, 
the posterior and central regions increased in tensile strength compared to the anterior. At 
strains greater than 75 percent, the posterior region displayed greater tensile strength than the 
central. This regional variation occurs at the same level of strain as found in the axial 
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Figure 8.94 Stress-strain behaviour; regional variation in the circumferential orientation. 
Material Properties 
Ultimate tensile stress was greatest in the central region, with similar values obtained in both 
the anterior and posterior regions. Similar values of ultimate tensile strain were determined 
in the central and posterior regions, both lower than that of the anterior region. 
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Figure 8.95 Ultimate tensile stress (MPa) and ultimate tensile strain; regional variation in the 
circumferential orientation. 
CIRCUM. 	Location Ultimate (±SD) Ultimate (±SD) 
Stress (MPa) __[gmJ Strain [SEM] 
A(N=22) 9.320 (±6.510) 0.9085 (±0.4024) 
[1.390] [0.0858] 
C(N=6) 11.194 (±1.816) 0.8770 (±0.3380) 
[0.742] [0.1380] 
- 	 P (N=15) 9.700 (±6.370) 0.8750 (±0.4600) 
[1.650] [0.1190] 
A (N=7) 	10.510 	(±6.590) 	0.8310 	(±0.6900) 
	
[2.490] [0.2610] 
C(N=O) 	 - 	 - 	 - 	 - 
P(N=O) 	 - 	 - 	 - 	 - 
Table 8.49 Ultimate tensile stress (MPa) and ultimate tensile strain; regional variation in the 
circumferential orientation. 
Tangent modulus increased posteriorly within injured menisci. The anterior region of 
arthritic menisci was significantly greater than that of the injured, Figure 8.96. A negative 
strain intersect was found in the anterior region of both injured and arthritic tissue, Table 
8.50. Strain intersect in the anterior region of injured menisci was significantly less than that 
of the posterior (p<0.05). Coefficient of determination, r2 in the anterior region of injured 
menisci was determined to be significantly less than that of the central (p<0.0005) and 
posterior (p<0.005) regions, Table 8.50. 
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Figure 8.96 Tangent modulus (MPa); regional variation in the circumferential orientation. 
CIRCUM 	Location Tangent 
Modulus 
(±SD) (±SD) 	Strain 
In tersect 
(±SD) 
A (N=22) 13.96 (±11.90) 	0.7744 (±0.1646) -0.0156 (±0.1767) 
[2.54] [0.0351] [0.0377] 
C (N=6) 17.40 (±3.43) 	0.9341 (±0.0297) 0.0438 (±0.0438) 
[1.40] [0.0121] [0.0185] 
- 	 P (N=15) 19.63 (±16.42) 	0.8207 (±0.1162) 0.1075 (±0.1771) 
[4.24] [0.03] [0.0457] 
A (N=6) 	23.35 	(±18.12) 	0.8338 	(±0.1296) 	-0.0352 	(±0.0512) 
	
[7.40] [0.0490] (0.0194] 
C(N=O) 	 - 	 - 	- 	 - 	 - 	 - 
P(N=O) 	 - 	 - 	- 	 - 	 - 	 - 
Table 8.50 Tangent modulus (MPa), coefficient of determination and strain intersect; regional 
variation in the circumferential orientation. 
Radial 
Regression Model Parameters 
Parameter A decreased posteriorly in the injured menisci and increased posteriorly in the 
arthritic. In the injured tissue, parameter A in the anterior region was significantly greater 
compared to the posterior (p<O.OS), Figure 8.97 and Table 8.51. Parameter B increased 
posteriorly in the injured menisci. For arthritic menisci the lowest value of B was determined 
in the posterior region, the central region having the greatest, Figure 8.97 and Table 8.51. 
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Figure 8.97 Regression model parameters A and B; regional variation in radial orientation. 
RADIAL 	Location 	 A (±SD) 	 B (±SD) 
- J1____ 
A (N=10) 	15.850 (±9.170) 	2.304 (±0.894) 
[2.900] (0.283] 
C (N=23) 	13.560 (±12.550) 	2.946 (±2.245) 
[2.620] [0.468] 
- 	 P (N=15) 	8.460 (±9.160) 	4.419 (±3.487) 
[2.360] [0.90] 
A(N=17) 	14.060 	(±14.820) 	4.077 (±3.025) 
[3.590] [0.734] 
C (N=6) 	15.600 	(±25.700) 	5.34 (±3.780) 
[10.500] [1.540] 
P (N=5) 	17.700 	(±22.310) 	2.953 (±1.619) 
[9.9801 10.7241 
Table 8.51 Regression model parameters A and B; regional variation in radial orientation. 
Calculated AB decreased posteriorly in the radial orientation of injured menisci. The 
posterior region of arthritic menisci produced the largest value of AB, with the lowest 
occurring in the central. The largest value of AB  in the injured menisci was determined in 
the posterior region, the least occurring in the central. For arthritic tissue, the lowest value of 
AB 2  occurred in the posterior region, significantly less stiff than the anterior (p<0.05), with 
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Figure 8.98 Calculated values of AB and AB2 ; regional variation in the radial orientation. 
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RADIAL 	Location 	AB (±SD) 	AF (±SD) 
[SEMI [SEM] 
A (N=10) 	31.43 (±18.31) 	68.50 (±46.60) 
[5.79] [14.70] 
C (N=23) 	22.03 (±15.12) 	59.10 (±50.50) 
[3.15] [10.50] 
— 	 P(N=15) 	20.35 (±13.99) 	88.40 (±100.00) 
[3.61] [25.80] 
A (N=17) 	29.21 	 (±18.54) 	97.30 (±58.70) 
0 	 (4.50] [14.20] 
C (N=6) 	26.63 	(±20.64) 	135.20 (±170.70) 
[8.43] [69.70] 
P (N=5) 	30.10 	(±25.40) 	61.27 (±19.96) 
[11.40] 18.931 
Table 8.52 Calculated values of AB and AB2; regional variation in the radial orientation. 
When subject to low strain, arthritic menisci in the radial orientation was stiffer than all 
corresponding regions of injured menisci. The central region of the arthritic tissue was 
significantly stiffer than both the anterior and posterior, with the posterior region remaining 
the weakest throughout. At tensile strains of less than 10 percent, the central region of the 
injured menisci was stiffer than the posterior. However, as strain increased beyond 10 
percent strain, the posterior region became the stiffest. The anterior region was the weakest 
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Figure 8.99 Stress-strain behaviour; regional variation in the radial orientation. 
Material Properties 
In the radial orientation, the largest value of ultimate tensile stress in the injured menisci was 
determined within the anterior region, significantly greater than the central (p<0.005) and 
posterior (p<0.005) and decreasing posteriorly, Figure 8.100 and Table 8.53. Ultimate tensile 
stress increased posteriorly in arthritic menisci, with the central and posterior regions having 
similarly high values compared to the anterior. Ultimate tensile strain decreased posteriorly 
in the injured menisci, with the anterior significantly greater than the posterior (p<0.05), yet 
increased posteriorly within arthritic tissue. 
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Figure 8.100 Ultimate tensile stress (MPa) and ultimate tensile strain; regional variation in 
radial orientation. 
RADIAL 	Location Ultimate (±SD) Ultimate (±SD) 
Stress (MPa) __.!train [SEM) 
A(N=11) 42.58 (±21.12) 0.7324 (±0.2393) 
[6.37] [0.0722] 
C (N=23) 18.79 (±10.74) 0.6750 (±0.4118) 
[2.24] [0.0859] 
- 	 P (N=15) 15.54 (±8.29) 0.5880 (±0.4850) 
[2.14] [0.1250] 
A(N=17) 	 15.15 	(±7.61) 0.3525 	(±0.1045) 
[1.84] [0.0254] 
C (N=6) 	 21.99 	(±23.84) 0.4287 	(±0.2358) 
[9.73] [0.0963] 
P (N=5) 	 22.92 	(±19.21) 0.4576 	(±0.1381) 
[8.59] 
Table 8.53 Ultimate tensile stress (MPa) and ultimate tensile strain; regional variation in radial 
orientation. 
In both injured and arthritic menisci, the central region had the lowest tangent modulus. 
However, the largest tangent modulus in injured menisci occurred in the anterior region, 
significantly greater than the central region (p<0.05), whilst the posterior region was stiffest 
in arthritic menisci, Figure 8.101. Coefficient of determination decreased posteriorly in the 
injured menisci, increasing posteriorly in the arthritic, with the anterior region of arthritic 
menisci significantly less than the posterior, p<0.05. No regional variation was determined in 
the strain intersect for either tissue type, Table 8.54. 
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Figure 8.101 Tangent modulus (MPa); regional variation in the radial orientation. 
RADIAL 	Location Tangent (±SD) (±SD) Strain (±SD) 
ModuIus sEMj _jsEMJh1tersect [SEM] 
A(N=11) 69.06 (±27.12) 0.9341 	(±0.0819) 0.0957 (±0.1228) 
[8.18] [0.0247] [0.0370] 
C (N=24) 42.32 (±23.59) 0.8773 	(±0.1706) 0.1136 (±0.1547) 
- [4.82] [0.0348] [0.0316] 
- 	 P (N=15) 51.79 (±34.03) 0.8987 	(±0.0826) 0.1021 (±0.0758) 
[8.79] [0.0213] [0.0196] 
A (N=17) 	62.64 	(±28.97) 0.9068 	(±0.0906) 0.0881 	(±0.1070) 
(7.03] [0.0220] (0.0260] 
C (N=6) 	53.10 	(±31.50) 0.9264 	(±0.1040) 0.0555 	(±0.0350) 
[12.90] [0.0425] [0.0143] 
P (N=5) 	69.67 	(±16.35) 0.9707 	(±0.0309) 0.1145 	(±0.0499) 
[7.31] [0.01381 [0.02231 
Table 8.54 Tangent modulus (MPa), coefficient of determination and strain intersect; regional 
variation in the radial orientation. 
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Meniscal Pair Variation 
Menisci procured for this study came from both the medial and lateral compartments of the 
knee joint cavity. The variation in the behavioural characteristics and mechanical properties 
of meniscal tissue due to tissue originating from either the medial or lateral was investigated 
under uniaxial tensile loading and significant differences determined. The ANOVA 
highlighted significant differences in the values of ultimate tensile stress, tangent modulus, 
parameter A, calculated AB and AB 2 and the factor of medial or lateral meniscus. 
Due to the limited nature of the comparison of medial and lateral tissue within the three 
regions, due to a lack of test samples, an initial comparison was performed neglecting to split 
the experimental results into their three distinct regions. Therefore, considering the test 
samples split into their respective pathological and orientation groups only. A comparison of 
the medial and lateral was made within the axial injury and arthritic, circumferential injury 
and radial arthritic groups. This ensured that if significant variations existed they may be 
identified. Variations occurring within the three different regions of the meniscus were 
determined where possible - since regions lacking test samples from either the medial or 
lateral could not be compared - for each of the three test orientations in both injured and 
arthritic tissue. This highlighted specific regional variations caused by the meniscus 
originating from the medial or lateral. For injured menisci, a comparison could only be made 
in the central region of axially orientated tissue and the anterior region of circumferential. In 
the arthritic menisci, a comparison was possible in the anterior and posterior regions of axial 
tissue and the posterior of radial. This systematic analysis ensured that any significant 
variations caused by the menisci being from the medial or lateral would be determined 
without relying on the original hierarchy of significant experimental factors. 
Fourteen samples of injured meniscal tissue were available for testing with only one from the 
lateral knee compartment. Forty-five of the fifty-two tests completed in the axial injury 
tissue were from the medial, with twenty-eight of the thirty-one tests in the circumferential 
plane performed on medial menisci. All of the thirteen tests in the radial orientation were on 
medial samples. Two lateral and four medial arthritic menisci were procured for tensile 
testing. Seven of the twenty tests in the axial plane were performed on lateral menisci, with 
eight of the twenty-eight meniscal test samples in the radial orientation from the lateral 
menisci. No lateral arthritic menisci were tested in the circumferential orientation. Detailed 
tables of data concerning the regression model parameters and material properties within 
specific regions of the meniscus are provided in Appendix D. 
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Summary 
Parameter A was determined to be greater in medial menisci, significantly greater in the 
central region of axially orientated injured menisci, in all regions of all the orientations tested - 
except the posterior. Parameter B was greatest in the medial menisci of all arthritic tissue 
samples, but greatest in the lateral of injured menisci. No significant differences were found. 
Calculated AB was greatest in the medial meniscus of all injured menisci, but greatest in the 
lateral of arthritic, whilst AB 2 was greatest in the lateral menisci, significant in the central 
region of axially orientated injured menisci, p<0.05. The medial meniscus displayed a 
greater ultimate tensile stress than corresponding values within the lateral in all orientations 
and all regions, except for the posterior. Ultimate tensile stress in the anterior region of 
injured circumferential menisci was significantly greater in medial menisci compared to the 
lateral, p<0.005.  Medial meniscal tissue in the central region of the axially orientated injured 
menisci had a significantly greater ultimate tensile strain than the lateral, p< 0 .005 . No other 
significant differences were found. Tangent modulus was greater in the lateral meniscus 
compared to that of the medial in all regions and orientations except the anterior region of 
circumferentially orientated injured menisci. Similarly, coefficient of determination was 
greater in lateral menisci compared to medial, significant in the anterior region of axially 
orientated arthritic menisci, p<0.0 1. Strain intersect was greater in the medial meniscus than 
corresponding lateral samples, except in the anterior region of axially orientated arthritic 
tissue, where the lateral was significantly greater than the medial, p<0.05. 
Axial 
Forty-five of the fifty-two tests completed in the axial orientation of injured menisci 
originated from medial meniscal tissue, whilst thirteen of the twenty tests on arthritic tissue 
were on medial meniscal samples. 
Regression Model Parameters 
Analysis of the axially orientated injured menisci highlighted significant differences between 
the results obtained for medial and lateral menisci. Lateral menisci displayed greater values 
of parameter B and calculated AB and AB 2, with a greater value of parameter A occurring in 
the medial menisci. Within the central region, the same pattern emerged with parameter A 
significantly greater in medial menisci, p<0.05, and calculated AB  significantly greater in 
the lateral, p<0.05. 
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8.0 The Meniscus under Tension 
When subject to strains less than 40 percent, the medial menisci displayed a greater tensile 
strength compared to lateral in the injured tissue, but at strains greater than 40 percent the 
lateral menisci demonstrated a greater tensile strength, Figure 8.102. 
% Strain 	 % Strain 
Figure 8.102 Stress-strain behaviour of injured meniscus; meniscal variation in the axial 
orientation. 
In the arthritic menisci, parameter A and calculated AB and AB 2 were greater in lateral 
menisci, with parameter B greater in the medial. Within the anterior region, both parameters 
A and B were greater in the medial menisci compared to the lateral. 
At all tensile strains, arthritic medial menisci displayed greater tensile strength than the 
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Figure 8.103 Stress-strain behaviour of arthritic meniscus; meniscal variation in the axial 
orientation. 
Material Properties 
In the injured meniscus, a greater ultimate tensile stress was found in lateral menisci 
compared to the medial, with the lateral having a significantly greater value of ultimate 
tensile strain, p<0.0005. Within the central region, a greater value of ultimate tensile stress 
occurred in the medial menisci compared to that of the lateral, with ultimate tensile strain 
significantly greater in the medial. 
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Figure 8.104 Ultimate tensile stress (MPa) and ultimate tensile strain in injured menisci, 
meniscus variation in the axial orientation. 
Tangent modulus and coefficient of determination both had greater values in lateral menisci 
compared to the medial, but no significant differences were found, whilst strain intersect was 
determined to be greater within medial menisci. 
The same patterns that occurred within the material properties of injured menisci were 
identified within the arthritic menisci. Ultimate tensile stress, tangent modulus and 
coefficient of determination, r2 were all greater in lateral menisci with r2 significantly greater 
in the lateral menisci throughout all the regions, p<0.05 and within the anterior and posterior 
specific regions. However, medial menisci displayed larger ultimate tensile stress in the 
anterior region of arthritic tissue than in the lateral. Ultimate tensile strain was greater within 
the medial menisci compared to the lateral in all regions. Strain intersect was greater in the 
medial menisci throughout all regions, and specifically the posterior, yet was significantly 
less than the lateral in the anterior regions, p<0.05. 













Figure 8.105 Ultimate tensile stress (MPa) and ultimate tensile strain in arthritic menisci; 
meniscus variation in the axial orientation. 
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Circumferential 
No data were available on medial and lateral variations within circumferentially orientated 
arthritic menisci. Twenty-eight of the thirty-one tensile tests performed on injured menisci 
were from the medial compartment. 
Regression Model Parameters 
Analysis of the circumferentially orientated injured menisci highlighted significant 
differences between the results obtained for the medial and lateral samples. Parameter A was 
greater in the medial menisci, with parameter B greater in lateral menisci. Calculated AB was 
significantly greater in the medial menisci compared to the lateral, p<0.0005. These patterns 
were mirrored in the specific anterior region. However, the calculated value of AB  was 
greater in the medial menisci when compared with the lateral in all regions, yet within the 
anterior region, the lateral menisci had a greater value. 
Atal tensile strains, the lateral menisci can be seen to have significantly greater tensile 
strength than corresponding medial menisci, Figure 8.106. 
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Figure 8.106 Stress-strain behaviour of injured menisci; meniscus variation in the 
circumferential orientation. 
Material Properties 
Ultimate tensile stress was determined significantly higher in the medial meniscus when 
compared to the lateral, p<O.00I, with a greater ultimate tensile strain found to occur in the 
lateral, Figure 8.107. Tangent modulus was significantly higher in the medial meniscus, 
p<0.05 and coefficient of determination and strain intersect were also found to have higher 
values in the medial meniscus when compared to the lateral. These patterns of variation 
between the medial and lateral menisci were repeated within the specific anterior regions. 
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Figure 8.107 Ultimate tensile stress (MPa) and ultimate tensile strain in injured menisci; 
meniscal variation in the circumferential orientation. 
Radial 
No data were available on medial and lateral variations within radially orientated injured 
menisci. Twenty of the twenty-eight meniscal tensile test samples from arthritic menisci 
originated from medial menisci. 
Regression Model Parameters 
Parameter A and calculated AB were determined to have greater values in lateral tissue when 
compared to the medial, with parameter B and calculated AB  having greater values in the 
lateral. In the posterior region the same patterns existed for A, B and AB but AB 2 had a higher 
value in the lateral as opposed to the medial meniscus. 
At all tensile strains, the lateral menisci can be seen to have significantly greater tensile 
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Figure 8.108 Stress-strain behaviour of arthritic meniscus; meniscus variation in the radial 
orientation. 
Material Properties 
Ultimate tensile stress and strain were greater in the lateral meniscus compared to the medial, 
Figure 8.109. Tangent modulus was greater in the medial meniscus, with coefficient of 
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determination greater in the lateral. A greater value of strain intersect was determined in the 
medial menisci compared to the lateral. Within the specific posterior region, ultimate tensile 
stress, ultimate tensile strain, tangent modulus and coefficient of determination were found 
to be greater in the lateral meniscus, whilst strain intersect was greater in the medial. 











Figure 8.109 Ultimate tensile stress (MPa) and ultimate tensile strain in arthritic menisci; 
meniscus variation in the radial orientation. 
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Knee Variations 
Menisci procured for this study came from both the right and left knees of patients. The 
variations in behavioural characteristics and mechanical properties of meniscal tissue due to 
the menisci originating from either the left or right knee was determined under uniaxial 
tensile loading and significant differences determined. 
Due to the limited nature of test samples, variations within each of the three test orientations 
in both injured and arthritic menisci were investigated, along with differences within the 
three distinct regions and medial and lateral groups, where sufficient data permitted. A lack 
of test data in some regions precluded some analysis. A comparison of the right and left knee 
menisci was made within axially orientated injured and arthritic menisci, circumferentially 
orientated arthritic menisci and radially orientated injured and arthritic menisci. Analysis 
was also possible within the central (and central medial) and posterior regions of axially 
orientated injured menisci, the anterior (and anterior medial) and posterior regions of axially 
orientated arthritic menisci, the central (and central medial) and posterior (and posterior 
medial) regions of radially orientated injured menisci and the anterior (and anterior medial), 
central and posterior regions of radially orientated arthritic menisci. 
Five of the fourteen injured menisci procured for this study originated from the left knee of 
patients, whilst two of the six arthritic menisci originated from the left knee of patients. 
Detailed tables of data concerning the regression model parameters and material properties 
of specific regions of the meniscus are provided in Appendix D. 
Summary 
Parameter A was greatest in the right knee menisci compared to the left, significant in the 
central region of axially orientated injured medial menisci, p<0.005, and the posterior region 
of radially orientated medial injury menisci, p<0.05. Parameter B was significantly greater in 
the right knee of all injured samples, p< 0 .05 , compared to the left. Calculated AB was greater 
in the right knee of injured menisci, significant atp<0.01 in the central region of axially 
orientated injured menisci. Calculated AB  was significantly greater in the left knee 
compared to the right (p<0.0 1) in radially orientated injured menisci but greater in the right 
knee of all other samples. Ultimate tensile stress was greatest in the right knee compared to 
the corresponding stresses found in the left knee, significant in the central region of radially 
orientated injured medial menisci, p<0.05. Similarly, ultimate tensile strain was greater in 
the right knee when compared to the left, significant in the central, p<0.000 1, and posterior, 
p<0.05, regions of radially orientated injured medial menisci. Tangent modulus was 
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significantly greater in the right knee of axially orientated injured menisci, p<0.05, and 
coefficient of determination was greater in the right knee of radially orientated arthritic 
menisci in the medial anterior region, p<0.05. Strain intersect was greatest in the right knee 
of all injured menisci, but greatest in the left knee of arthritic specimens, however, no 
significant differences were found. 
Axial 
In the axial orientation, thirteen of the fifty-two tests on injured menisci were performed on 
meniscus from the left knee, with thirteen of the twenty arthritic menisci originating from the 
left knee. Further analysis was possible within the central and posterior regions of injured 
menisci, the anterior and posterior regions of arthritic menisci and also the specific medial 
only samples within the central region of injured menisci and anterior region of arthritic 
tissue. 
Regression Model Parameters 
Significant variations in the regression model parameters were determined between the knee 
from which the meniscus originated. Parameter A was significantly greater in right knee 
menisci compared to the left in injured tissue, p<0.005, whilst parameter B was significantly 
greater in the left knee of injured menisci, p<0.05. Calculated AB was greater in the right 
knee, with AB 2  greater in the left knee, though no statistical significance was determined. No 
statistically significant results were determined in the arthritic tissue, with parameter A, 
calculated AB and AB 2 greater in the left knee and parameter B greater in the right. 
In the central region of injured menisci, parameter A, p<0.005, and calculated AB, p<0.00 1, 
and AB 2 , p<0.0 1, had significantly greater values in menisci originating from the right knee. 
Parameter B was found to be greater in the left knee, though not statistically significant. In 
the posterior region of injured menisci, all parameters were found to be greater in right knee 
menisci compared to the left, but not statistically significant. 
In arthritic menisci, no comparison was possible due to a lack of test data within the central 
region of axially orientated tissue. In the anterior region, parameters A and B were greater in 
left knee menisci compared to the right, with calculated AB and AB 2 having greater values in 
right knee menisci, but no statistical significance was determined. In the posterior region, 
parameter A and calculated AB and AB  were greater in left knee menisci compared to the 
right, with parameter B having a greater value in the right knee. 
A comparison of right and left knee variation was also possible within the central medial 
specific tests of injured menisci and the anterior medial specific region of arthritic menisci, 
with significant differences noted. In the central region of injured menisci, parameter A was 
significantly greater in the right knee, p< 0 . 005 , compared to that of the left with parameter B 
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having a greater value in the left knee. Both calculated values of AB and AB  were greater in 
right knee menisci, with AB significantly greater in right knee menisci compared to the left, 
p<0.0I. In the anterior region of specific medial only menisci from arthritic patients, 
parameter A and calculated AB were greater in the left knee, with the right knee providing a 
greater value of AB 2 . Parameter B had similar values in both the right and left knee. 
At tensile strains less than 75 percent, the right knee menisci displayed greater tensile 
strength compared to the left knee, within the injured meniscal samples, Figure 8.110. 
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Figure 8.110 Stress-strain behaviour of injured meniscus; knee variation in the axial 
orientation. 
At tensile strains less than 80 percent, arthritic left knee menisci displayed greater tensile 
strength compared to the right knee, Figure 8.111. 
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Figure 8.111 Stress-strain behaviour of arthritic meniscus; knee variation in the axial 
orientation. 
Material Properties 
Ultimate tensile stress and strain were found to be significantly greater in the right knee 
menisci, p<0.05, of axially orientated injured menisci compared to the left, Figure 8.112. 
Tangent modulus was determined greater in the right knee, with its coefficient of 
determination and strain intersect having greater values in meniscal tissue originating from 
the left knee. 
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Figure 8.112 Ultimate tensile stress (MPa) and ultimate tensile strain in the injured meniscus; 
knee variation in the axial orientation. 
In axially orientated arthritic menisci, no significant differences were determined in the 
material properties between tissue from the right or left knee. Ultimate tensile stress, tangent 
modulus and coefficient of determination were greater in the right knee, with ultimate tensile 
strain having the same value in both the right and left knee, Figure 8.113. 
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Figure 8.113 Ultimate tensile stress (MPa) and ultimate tensile strain in the arthritic menisci; 
knee variation in the axial orientation. 
Within the central and posterior regions of axially orientated injured meniscus, ultimate 
tensile stress, ultimate tensile strain and tangent modulus were all found to be greater in right 
knee menisci. Tangent modulus in the central region was found to be significantly greater in 
the right knee compared to that of the left, p<0.05. Coefficient of determination and strain 
intersect had greater values in the right knee in the central region and the left knee in the 
posterior region, but no significant differences were noted. 
No significant differences were determined between the right and left knee menisci in the 
material properties of axially orientated arthritic menisci within the anterior or posterior 
region. In the anterior region, ultimate tensile stress, ultimate tensile strain and tangent 
modulus were found to have non-significantly higher values in the right knee, with 
coefficient of determination and strain intersect greater in the left. In the posterior region, 
ultimate tensile stress, tangent modulus and coefficient of determination had greater values 
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in the left knee, with the right knee providing greater values of ultimate tensile strain and 
strain intersect. 
Within the medial specific samples of central region injured menisci the right knee produced 
a greater value of ultimate tensile stress, ultimate tensile strain, tangent modulus, 
significantly greater compared to the left, p<0.05, and strain intersect, with no difference 
found in the value of coefficient of determination. Similarly in the medial samples of 
arthritic menisci from the anterior region, ultimate tensile stress, ultimate tensile strain and 
tangent modulus were greater in the right knee than the left, with left knee menisci 
displaying a higher value of strain intersect and no variation in the coefficient of 
determination. 
Circumferential 
In the circumferential orientation, no comparison of the variation between the right and left 
knee was possible in injured menisci, since all of the thirty-one tests were on right knee 
tissue. Only one of the four tests in the arthritic tissue were from right knee menisci and 
these were all from medial menisci in the anterior region. This meant that no statistical 
significance could be determined. 
Regression Model Parameters 
In arthritic menisci, right knee menisci provided greater values of parameters A and 
calculated AB and AB 2, with a greater value of parameter B found in the left knee. 
Figure 8.114 shows the stress-strain behaviour of right and left knee menisci from arthritic 
knees, with right knee menisci displaying a greater tensile strength at all tensile strains. 
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Figure 8.114 Stress-strain behaviour of arthritic tissue; knee variation in the circumferential 
orientation. 
Material Properties 
Ultimate tensile stress, tangent modulus and strain intersect had greater values in the right 
knee menisci, with left knee menisci providing greater values of ultimate tensile strain and 
coefficient of determination, Figure 8.115. 
Robert Moran 216 
8.0 The Meniscus under Tension 



















Figure 8.115 Ultimate tensile stress (MPa) and ultimate tensile strain in injured meniscus; knee 
variation in the circumferential orientation. 
Radial 
In the radial orientation, fourteen of the forty-eight tests on injured menisci were on tissue 
from the left knee, with twenty of the twenty-eight samples of arthritic tissue coming from 
left knee menisci. Further analysis was possible within the central and posterior regions of 
injured menisci and all three regions of arthritic menisci. Within the injured meniscal 
samples, analysis of the right and left knee variations was also possible on medial only 
menisci from the central and posterior regions and the anterior region of arthritic menisci. 
Regression Model Parameters 
Significant variations in the regression model parameters were determined only in the 
injured menisci. Parameter A was significantly greater in the right knee injured menisci, 
p'<0.05, with parameter B significantly greater in left knee, p<0.0l. Calculated AB was 
greater in the right knee of injured menisci with AB  significantly greater in the left knee, 
p<0.05. In arthritic menisci, parameter A was greater in the left knee tissue, with parameter B 
and calculated AB and AB  having larger values in the right knee compared to the left. 
A comparison of right and left knee menisci was possible within the central and posterior 
region of injured menisci. Parameter A was greater in the right knee of both regions, 
statistically significantly greater in the posterior region, p< 0 . 05 , with parameter B greater in 
the left knee menisci compared to the right, statistically significant in the central region, 
p'<0.05. Calculated values of AB and AB 2  were greater in the left knee menisci in the central 
region, with AB  significantly greater in left knee menisci compared to the right, p<0.0 1. In 
the posterior region, calculated AB was greater in the right knee with AB  having a larger 
value in the left knee, but neither was significant. 
In the arthritic menisci, a comparison of right and left knee tissue was possible in all three 
regions of the menisci, but no significant differences found. In all three orientations, 
parameter A had a greater value in the left knee, with parameter B having a greater value in 
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the right knee. In both the anterior and central regions, calculated AB and AB  were greater in 
the right knee arthritic menisci compared to the left, whilst in the posterior region the left 
knee menisci displayed a greater value. 
In injured menisci, a comparison was also possible within medial only menisci in the central 
and posterior regions. In both regions significant variations were found, with parameter A 
greater in the right knee, p<0.05, and parameter B greater in the left, p<0.05. Calculated AB 
was determined to be greater in the right knee menisci, with AB  significantly greater in the 
left knee menisci compared to the right, p<0.0 1. In the arthritic menisci, a comparison of 
medial only samples within the anterior region was made but no significant differences were 
found. Parameter A, B and calculated AB and AB  were all greater in the right knee menisci 
compared to the left. 
When subject to all tensile strains, the left knee samples of injured menisci in the radial 
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Figure 8.116 Stress-strain behaviour of injured menisci; knee variation in the radial orientation. 
Over the full range of tensile strains, the menisci originating form the right knee of arthritic 
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Figure 8.117 Stress-strain behaviour of arthritic menisci; knee variation in the radial 
orientation. 
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Material Properties 
In injured menisci, significant differences were found in the material properties between 
right and left knee menisci. All the material properties investigated were found to be greater 
in the right knee, with ultimate tensile stress, p< 0 . 005 , ultimate tensile strain, p<0.0001, and 
strain intersect, p<0.05, significantly greater in the right knee than the left, Figure 8.118. In 
the arthritic menisci, ultimate tensile stress, tangent modulus, coefficient of determination 
and strain intersect were greater in the right knee, though not statistically significant, with 
ultimate tensile strain displaying a higher value in the left knee, Figure 8.119. 
















Figure 8.118 Ultimate tensile stress (MPa) and ultimate tensile strain in the injured menisci; 
knee variation in the radial orientation. 
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Figure 8.119 Ultimate tensile stress (MPa) and ultimate tensile strain in the arthritic meniscus; 
knee variation in the radial orientation. 
In the central and posterior regions of injured menisci, ultimate tensile stress, p<0.005, 
ultimate tensile strain, p<0.001 and strain intersect, p<0.05, were significantly greater in 
right knee menisci than left, with tangent modulus displaying a higher value in the left knee 
meniscus of both regions. Coefficient of determination was greater in right knee menisci 
from the central region, and left knee menisci from the posterior, though neither were 
statistically significant. 
In the anterior and posterior regions of arthritic menisci,left knee menisci provided higher 
values of ultimate tensile stress and strain, whilst in the central region right knee menisci 
Robert Moran 	 ... 	219 
8.0 The Meniscus under Tension 
provided greater values. Tangent modulus was determined greater in the right knee of 
anterior and central regions, and the left knee of the posterior region. Strain intersect was 
greater in the left knee of the anterior and central regions and the right knee of posterior 
arthritic regions. Meanwhile, right knee menisci provided a significantly greater coefficient 
of determination in the anterior region, with r2 greater in left knee menisci from the central 
and posterior regions. In the medial only samples of central and posterior injured meniscus, 
the same pattern of right and left knee variation was evident. Ultimate tensile stress, ultimate 
tensile strain, coefficient of determination and strain intersect had greater values in right 
knee menisci from both regions, with ultimate tensile stress, p<0.05 and ultimate tensile 
strain, p<0.05, significantly greater in right knee menisci when compared to the left. A 
greater value of tangent modulus occurred in left knee menisci, though not statistically 
significant. 
In the medial only samples from the anterior region of arthritic menisci, ultimate tensile 
stress, tangent modulus and coefficient of determination, p<0.05, were found to have higher 
values in right knee menisci, with ultimate tensile strain and strain intersect higher in the left 
knee menisci. 
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Gender Variations 
Menisci procured for this study came from both male and female patients. The variation in 
behavioural characteristics and mechanical properties of meniscal tissue due to the menisci 
originating from male or female patients was determined under uniaxial tensile loading and 
significant differences found. 
Due to the limited nature of test samples, variations within each of the three test orientations 
in both injured and arthritic menisci were investigated, along with differences within the 
three different regions, medial and lateral menisci groups and right and left knee specific 
meniscal tissue, where experimental data permitted. A comparison of male and female 
menisci was made within axially and radially orientated inured and arthritic menisci. 
Analysis was also possible within the posterior region of axially orientated injured menisci, 
the central regions of radially orientated injured menisci and the posterior region of radially 
orientated arthritic menisci. No further analysis was possible. 
Only two of the fourteen injured menisci were from female patients, whilst only one of the 
six arthritic menisci came from the knees of male patients. Detailed tables of data concerning 
the regression model parameters and material properties within specific regions of the 
meniscus are provided in Appendix D. 
Summary 
In the axially orientated menisci, injured menisci displayed a greater tensile strength than 
female menisci at strains less than 25 percent, with female menisci stronger at strains greater 
than 25 percent. Female menisci from arthritic knees proved to have greater tensile strength 
than male at strains less than 60 percent, with the male menisci stronger at strains above 60 
percent. In both tissue pathologies, female menisci provided higher values of ultimate tensile 
stress, ultimate tensile strain and tangent modulus than corresponding male tissue. In the 
radial orientation, injured menisci from male patients displayed a greater tensile strength 
than female menisci at tensile strains of less than 25 percent, with female menisci stronger at 
strains above 25 percent and at all strains in the arthritic menisci. 
Axial 
In the axial orientation, only two of the fifty-five tensile tests on the injured menisci were 
from female patients, with twenty-two of the twenty-seven tests on arthritic menisci from 
female patients. Analysis of gender variations within the specific regions of the meniscus, 
was only possible within the posterior of injured tissue. 
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Regression Model Parameters 
A significant variation was found in the value of parameter A in injured menisci, with A in 
male menisci significantly greater than from female patients, p<0.00 1. Parameter B and 
calculated AB and AB  had greater values in the female menisci than the male, but these 
variations were not found to be significant. In arthritic menisci, parameter B and a greater 
value in male menisci with parameter A and calculated AB and AB  having greater values in 
the female knee. AB was significantly greater in female tissue, p<0.05. 
Within the three distinct regions of the meniscus, a comparison of female and male menisci 
was only possible in the posterior region of injured menisci. In this region, female tissue 
provided greater values of all regression model parameters, but no statistical significance 
was determined. 
At strains of less than 25 percent, male menisci proved to have a greater tensile strength than 
corresponding female tissue, with female menisci significantly stiffer at strains above 25 
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Figure 8.120 Stress-strain behaviour in injured menisci; gender variation in the axial 
orientation. 
Conversely, at strains below 60 percent, female menisci samples displayed greater tensile 
strength than corresponding arthritic male tissue, with male menisci stronger at strains 
greater than 60 percent, Figure 8.121. 
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Figure 8.121 Stress-strain behaviour of arthritic menisci; gender variation in the axial 
orientation. 
Material Properties 
In both the injured and arthritic menisci, female tissue provided higher values of ultimate 
tensile stress, ultimate tensile strain and tangent modulus, with male menisci providing a 
significantly higher strain intersect, p<0.05, Figure 8.122 and Figure 8.123. Coefficient of 
determination in the injured menisci was significantly greater in the female tissue, p<0.000 1, 
with the arthritic menisci displaying a greater value in male menisci. 
Ultimate Tensile Stress (MPa) 	 Ultimate Tensile Strain 
20 
Is 
Figure 8.122 Ultimate tensile stress (MPa) and ultimate tensile strain in the injured menisci; 
gender variation in the axial orientation. 
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Figure 8.123 Ultimate tensile stress (MPa) and ultimate tensile strain in the arthritic menisci; 
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In the posterior region of axially orientated injured menisci, female menisci provided greater 
values of ultimate tensile stress, ultimate tensile strain, tangent modulus and coefficient of 
determination, with male menisci showing a greater value of strain intersect, but none were 
found to be statistically significant. 
Circumferential 
All tests performed on injured menisci in the circumferential orientation (N=43) were on 
male menisci, with all seven circumferential tests on arthritic tissue performed on female 
menisci. Hence, no gender comparison in this orientation could be made. 
Radial 
In the radial orientation, five of the forty-nine tensile tests performed on injured menisci 
were on female tissue, with twenty-five of the twenty-eight tests on arthritic tissue from 
female patients. Regional specific analysis was possible within the central region of injured 
menisci and the posterior region of arthritic menisci. 
Regression Model Parameters 
In injured menisci, parameter A and calculated AB were greater in male menisci, compared 
to female, with parameter B and calculated AB 2  greater in the female menisci, though no 
statistical significance could be determined. In arthritic menisci, female menisci provided 
higher values of both parameters and calculated values compared to those found in the male, 
with statistical significance determined for parameters A and AB 2 , p<0.05. 
In the injured menisci,, male and female menisci displayed similar tensile strength until 
strains of 30 percent, at which point the female menisci becomes increasingly stronger 


















Figure 8.124 Stress-strain behaviour in the injured menisci; gender variation in the radial 
orientation. 
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At all tensile strains, arthritic female menisci displayed a significantly greater tensile strength 
than the male, Figure 8.125. 
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Figure 8.125 Stress-strain behaviour of arthritic menisci; gender variation in the radial 
orientation. 
In the injured menisci, a comparison of the differences caused by gender was possible within 
the central region, with parameter A and AB greater in the male tissue and parameter B and 
AB  greater in the female. In the posterior region of arthritic tissue, parameter A and 
calculated AB and AB  were greater in the female tissue, with male menisci displaying a 
higher value of parameter B. However, no significant differences were determined. 
Material Properties 
In injured menisci, male menisci provided greater values of ultimate tensile stress, ultimate 
tensile strain (significantly greater than female menisci, p<0.002), tangent modulus and 
strain intersect, compared to the female menisci, with coefficient of determination greater in 
the female menisci, Figure 8.126. 
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Figure 8.126 Ultimate tensile stress (MPa) and ultimate tensile strain in the injured meniscus; 
gender variation in the radial orientation. 
In arthritic menisci, ultimate tensile stress and strain were greater in female menisci, with 
male menisci displayed greater values of tangent modulus, coefficient of determination and 
strain intersect, Figure 8.127. 
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Figure 8.127 Ultimate tensile stress (MPa) and ultimate tensile strain in arthritic tissue; gender 
variation in the radial orientation. 
In the central region of injured tissue, ultimate tensile stress and strain intersect were greater 
in male tissue compared to that of the female, with ultimate tensile strain significantly 
greater in male menisci, p<0.005, compared to female. Female menisci displayed a greater 
value of tangent modulus and a significantly greater coefficient of determination, p<0.05. 
In the posterior region of arthritic menisci, ultimate tensile stress, ultimate tensile strain, 
tangent modulus and coefficient of determination were shown to have greater values in 
female menisci, with male menisci showing a greater value of strain intersect. 
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Age 
The effect of age on the regression model parameters A and B, calculated values of AB and 
AB 2, ultimate tensile stress, ultimate tensile strain, tangent modulus, coefficient of 
determination and strain intersect was investigated, using regression and trend analysis 
techniques. The age ranges of the two tissue pathology groups meant that in general, the 
injured samples provided information regarding the lower ages, age range of samples 15-44 
years, the mean 29 years, and the arthritic tissue provided details concerning the higher ages, 
range 50-76 years, mean 68 years. Figure 8.128 displays a dotplot showing the age range of 
patients within the two pathologies. 
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Figure 8.128 Age range of the patients in the two pathology groups; tensile testing. 
Axial 
Regression Model Parameters 
Across the full range of tissue samples, parameter A and AB decreased and AB  increased 
with increasing age, but no significant linear trend was established. Parameter B displayed a 
significant linear increase with increasing age, p<0.05 
In the injured samples, parameter A and calculated AB and AB 2 decreased with increasing 
age whilst B increased, but no significant trends were found. No significant differences were 
determined in the axially orientated arthritic tissue, but parameters A and B were noted to 
increase with increasing age, whilst AB and AB  decreased. 
Material Properties 
Ultimate tensile stress and strain displayed a significant linear decrease with increasing age 
over all the test samples, p<0.0 1. This significant linear decrease was also found in the 
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injured samples, p<0.05, with ultimate tensile stress and strain decreasing in value with 
increasing age, Figure 8.129. In the arthritic samples, no significant differences were found 
with ultimate tensile stress noted to tend to increase with age and ultimate tensile strain 
decreasing, Figure 8.129. Tangent modulus appeared to decrease in value with increasing 
age over the full range and within the injured samples, whilst increasing in the arthritic 
samples, Figure 8.129. However, no statistically significant trends were found. Strain 
intersect showed a distinct linear trend over the whole of the axial test samples, significantly 
decreasing with increasing age, p<O.Ol. However, no significant trends were found within 
the two pathology groups, with strain intersect tending to rise with increasing age. 
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Figure 8.129 Ultimate tensile stress (MPa), ultimate tensile strain and tangent modulus (MPa); 
trends with age in the axial orientation. 
Circumferential 
Regression Model Parameters 
Parameter A and B and calculated AB and AB  showed a linear trend of increasing value with 
increasing age in circumferentially orientated material. However, no statistically significant 
trend was determined. In the injured tissue, parameter A displayed a significant linear 
increase with increasing age, p<0.05, with AB also showing a non-significant trend to 
increase. Parameter B and AB 2  showed non-significant linear decreases in their values with 
increasing age. In the arthritic tissue, parameter A and calculated AB and AB  tended to 
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decrease, whilst parameter B increased with increasing age but no statistically significant 
trends were established. 
Material Properties 
Ultimate tensile stress showed a non-significant linear decrease with increasing age 
throughout the circumferentially orientated tissue and within the injury and arthritic specific 
groups, Figure 8.130. Ultimate tensile strain showed a non-significant linear decrease with 
increasing age through all the circumferential samples and within the injured tissue group. 
However, a trend for ultimate tensile strain to increase with increasing age was found in the 
circumferentially orientated arthritic samples, though not significant, Figure 8.130. Tangent 
modulus showed a linear increase with increasing age across the full range of tissue samples, 
but a trend to decrease was established within the injured and arthritic samples, though not 
significant, Figure 8.130. The values of strain intersect showed a non-significant trend to 
decrease with increasing age in all the circumferential samples and within the injury and 
arthritic specific ranges. 
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Figure 8.130 Ultimate tensile stress (MPa), ultimate tensile strain and tangent modulus (MPa); 
trends with age in the circumferential orientation. 
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Radial 
Regression Model Parameters 
Parameters A and B and calculated AB and AB  displayed a trend to increase linearly with 
increasing age, but none were found to vary statistically significantly. Parameter A displayed 
a non-significant linear decrease with the injured samples and a non-significant increase 
within the arthritic samples. Parameter B displayed a non-significant linear trend of 
increasing value with increasing age within the injured samples, but a significant linear 
decrease with increasing age in the arthritic tissue, p<0.05. Calculated values of AB and AB  
displayed a linear decrease within advancing age within the two tissue pathology groups, 
with AB 2 showing a significant linear decrease with increasing age of tissue, p<O.OS. 
Material Properties 
Ultimate tensile stress and strain displayed a significant decrease in value with increasing 
age of radial meniscal samples, p<0.05. This was repeated with the injured samples, p<0.05, 
Figure 8.131. In the arthritic tissue, ultimate tensile stress tended to decrease in value with 
increasing age, whilst ultimate strain showed a non-significant linear increase, Figure 8.131. 
Tangent modulus tended to increase in value over the full range of radial samples, whilst 
decreasing within both the two pathology groups, displaying a significant linear decrease 
across the range of injured menisci, p<0.05, Figure 8.131. Strain intersect showed a non-
significant decrease across the full range of radially orientated samples with increasing age, 
but within both the injured and arthritic tissues displayed a non-significant increase. 
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Figure 8.131 Ultimate tensile stress (MPa), ultimate tensile strain and tangent modulus (MPa); 
trends with age in the radial orientation. 
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8.0 The Meniscus under Tension 
8.2 Discussion 
This section was aimed at the determination of the tensile stress-strain characteristics and the 
material properties of the human knee joint menisci. Test specimens orientated axially, 
circumferentially and radially, relative to the tibial plateau and gross geometry of the menisci 
were prepared from different regions and locations and tested under uniaxial tension until 
failure. Menisci came from two distinct pathological groups, trauma/injury and osteoarticular 
disease, and from both compartments of the knee (medial and lateral menisci), both knees 
(right and left) and from patients of both genders. Non-linear regression analysis was 
performed to curve fit the stress-strain relation for each specimen to an appropriate 
mathematical model. The necessary parameters to define this relation were found. The 
material properties of ultimate tensile stress, ultimate tensile strain, tangent modulus and 
strain intersect were determined. 
When a strip of cartilage is stretched under a constant strain rate, the tensile stress-strain 
behaviour is non-linear. Typical stress-strain curves of meniscal tissue resemble those of 
other collagenous tissues [Gordon, 1988]. 








strain g (AL/L,)  
Failure 
Linear Region 
p.- - 	 - 
fT111isii 
Figure 8.132 Typical stress-strain curve for knee meniscus in uniaxial, uniform strain-rate 
tension. 
Figure 8.132 shows a schematic representation of a stress-strain curve for meniscus under a 
constant strain-rate. The diagram also depicts the cause for the non-linear behaviour. The 
curve can be divided into several sections. The region of lower slope at low stress is called 
the toe-region, has an increasing slope, and is found in many collagenous materials. This 
initial toe-region is associated, in structural terms, with the straightening of the coiled 
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collagen structure, or crimp [Morgan, 1960, Viidik, 1980]. In this region, the material 
displays low stiffness and is non-linear. As the test sample begins to tighten, then inevitably 
different fibres become taut successively, so that the slope at the origin appears to be zero, 
even if it is not. During activity the crimped collagen fibres are easily extended and small 
initial forces produce large elongation. When a sample of soft tissue is stretched, the 
amplitude of the waviness of the fibres decreases until they become straight. Some fibres (or 
fibre bundles) become straight before others. Consequently, the stiffness of the sample 
increases gradually and becomes constant when all the fibres become straight (therefore, the 
toe region can never be considered linear). If the strain at which the first fibre becomes 
straight is known, the matrix stiffness or elastic modulus would be the tangent to the stress-
strain curve at that strain. Due to a lack of knowledge of the geometry of the fibres, this 
strain limit remains unknown. In this study, it is assumed that this strain limit would not 
exceed the value of the strain intersect of the average stress-strain curve obtained for the 
circumferential specimens. The region latterly is due to the stretching of the straightened 
parallel array of collagen fibres [Kempson, 1975, Kempson et al, 1976, Roth and Mow, 
1980, Viidik, 1968, Viidik, 1980, Woo et a!, 1976]. The linear region reflects the stiffness of 
the collagen fibres as they are pulled in uniaxial tension. Thus, this slope gives a tensile 
modulus of the specimen. A higher tangent modulus can have several meanings: 
material is stiffer; 
more collagen per unit area (i.e. a higher volume fraction); or 
collagen fibres have a larger diameter. 
Beyond this region the collagen fibrils will fracture. Therefore, tensile failure stress is a 
measure of the strength (ultimate tensile strength) of the collagen fibrils. As load increases, 
fibres progressively fail. The reason the load doesn't return immediately to zero is that fibres 
slip against each other and retain some of the load. A number of authors have previously 
published studies concerning parallel-fibre biological tissues [Kastelic et a!, 1980, Kwan and 
Woo, 1989; Lido and Belhoff, 1993]. The studies by Kwan and Woo, 1989, and Lido and 
Belhoff, 1993, include failure criteria based on progressive fibre failure. These models 
produce smooth stress-strain curves without abrupt drops in stress during failure. A sudden 
drop in the stress supported by the tissue when groups of fibres fail is a behaviour more like 
the results seen in experimental tests. 
The end of the toe region of the tensile response has been previously identified (or taken) as 
the point where the difference between the line describing the near linear range and the 
experimental curve exceeded 5% of the experimental force [Atkinson et a!, 1999]. 
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Ultimate stress and strain are properties of the tissue and therefore, can only be determined if 
failure occurs within the substance of the tissue. For this reason it is also important to know 
the mode of failure of the specimen. 
Tissakht and Ahmed, 1995, used axial specimens to determine the stress-strain plots for the 
meniscal fibres and the elastic modulus of meniscal matrix was estimated from the initial 
portion of the stress-strain plots for circumferential specimens. If all the fibres within the 
meniscus were coiled with the same slackness in both directions (axial and radial), then 
initially the matrix would be the only load-bearing component. Its material properties could 
be determined from the toe regions of the stress-strain relation of either the axial or radial 
specimens. Unfortunately, initial slackness data are not available. However, it is known that 
fibre content in the circumferential orientation is much smaller than in the axial. In some 
locations of the menisci, the values of the tensile modulus of circumferential specimens are 
higher but still comparable to that of the matrix, i.e. specimens with practically no fibres 
[Skaggs and Mow, 1990]. Therefore, determination of the properties of the meniscal 
components from the test results of circumferential specimens would be appropriate for the 
matrix and very approximate for the fibres. The use of stress-strain relations of the axial 
specimens (much stiffer than the matrix) would yield fibre properties less sensitive to the 
variation of the elastic modulus of the matrix or the value of the fibre content. 
Fung's exponential model for biological tissues [Equation 6] demonstrates a two parameter 
(A, B) exponential stress-strain relationship and was used to describe accurately the non-
linear stress-strain data generated through tensile testing (r0.980 (±0.032 SD) and S=0.451 
MPa (±0.285 MPa SD)). Fung's exponential model has been defined as a = A(e' —i) 
[Equation 6]. 
As—>0, e9e -* e ° >1, hence, a —>0. 
AsE_+1,e&_+ e 1 , hence, a _*Ae B_A = A(e 1 _1) > A e 11 . 
Parameter A is the predominant factor in determining the tensile strength of the material at 
lower strains. Parameter B is the predominant factor in determining the tensile strength and 
subsequent stiffness of the menisci at higher strain, as 8-+. A low stress, and subsequently 
low stiffness, at low strain is characterised by a low value of parameter A. A higher stress at 
higher strains is characterised by a large value of parameter B. The tangent modulus, 
derivative du/de, is the increase in the stiffness of the specimen and is proportional to the 
parameter B. The product AB represents the tangent modulus at low strains. Therefore, AB 
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represents the increase in the specimen stiffness at the origin, whilst the rate of change of this 
slope at the origin is given by AB 2 . 
The anisotropy of the human knee joint meniscus under tensile loading previously reported 
[Bullough eta!, 1970, Fithian eta!, 1989, 1990, Mow eta!, 1988, Tissakht and Ahmed, 
1995, Whipple eta!, 1985] was experimentally confirmed, i.e. the behaviour of the meniscus 
and its mechanical properties under tension vary depending upon its orientation. Over the 
full range of tensile loading, menisci prepared in the radial orientation displayed a 
significantly greater tensile strength than that in the axial and circumferential. 
Circumferentially orientated tissue was significantly weaker than both the axial and radial 
planes. This correlates well with previous studies that have determined that tensile strength 
and stiffness is greatest when the axis of loading is parallel to the circumferential fibre 
bundles [Bullough et a!, 1970, Fithian et a!, 1990, Procter et a!, 1991, Tissakht and Ahmed, 
1995, Whipple eta!, 1985]. The tensile strength of meniscus has been primarily investigated 
in the axial plane [Bullough et a!, 1970, Fithian et a!, 1990, Tissakht and Ahmed, 1995, 
Whipple eta!, 1985], but tests have been performed on circumferentially (transversely) 
orientated samples [Bullough eta!, 1970, Tissakht and Ahmed, 1995]. This study tested the 
meniscus from three orthogonal planes, displayed in Section 6.0. Tests in the axial and radial 
orientation provide information on the ability of the meniscus to withstand hoop-stresses, the 
tensile stresses generated within the whole meniscus during normal and abnormal loading. 
Tensile loading in the circumferential orientation reveals information regarding the radial tie-
fibres or cross-links that exist between the circumferential bundles in the meniscus. Test 
samples prepared in the radial orientation provide further information between the complex 
interaction between these circumferential fibre bundles and the radial tie-fibres. No 
correlation has been found between the tensile behaviour of the meniscus and the 
biochemical composition of the matrix. This suggests that collagen only ultrastructure and 
intermolecular interactions (e.g. collagen cross-linking) are the predominant factors 
influencing tensile response of the meniscal tissue [Fithian et a!, 1990]. Figure 8.133 shows 
the orientation of circumferential fibre bundles and radial tie-fibres within each of the three 
test sample planes. 
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Radial 	 Axial 	 Circumferential 
Figure 8.133 Collagen structure within the three tensile tests orientations. 
In both the axial and radial orientations, the large circumferentially orientated type I collagen 
fibre bundles are orientated in parallel to the axis of loading. In the circumferential 
orientation, these circumferential fibre bundles are perpendicular to the axis of loading, with 
the sparser radial tie-fibres or cross-links orientated parallel to the axis of loading. 
The behaviour of a single fibre parallel with the axis of loading resembles the behaviour of 
an isotropic matrix. The fibre must be completely uncrimped before it can carry any 
significant load. In its resting state, the fibres assume a crimped morphology. The crimped 
fibre initially elongates under negligible load as the crimp straightens. When the fibre 
becomes straight, it stretches until it ruptures. The behaviour of a fibre orientated in a 
direction other than parallel with the axis of loading is similar to the above, except that the 
fibre rotates and elongates instead of simply elongating. As the tissue is loaded, the fibre 
rotates to become more aligned in the direction of loading. At the same time it uncrimps, 
stretches and eventually elongates to failure. The amount of fibre rotation depends on the 
angle between the axis of loading and fibre directions and on how much the matrix resists 
fibre reorientation. At one extreme, the fibre may rotate freely as a rigid body, becoming 
aligned with the axis of loading before it begins to elongate. At the other extreme, the matrix 
fully constrains the movement of the fibre so that the tissue deforms like a solid with no 
relative motion between the fibre and the matrix. Non-linearity results from fibre rotation 
through the ground substance and increased ground substance resistance to fibre rotation at 
larger deformations [Kempson et al, 1976, Wren and Carter, 1998]. A higher proteoglycan 
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content corresponds with an increase in the resistance of the ground substance to fibre 
realignment due to the increased binding of water [Schmidt eta!, 1990] and this may be an 
explanation for the regional variation in mechanical properties determined. 
As tensile load is applied to the radial and axial specimens, the crimped fibres begin to 
elongate. Immediately the radial orientation is stiffer and stronger than the axial, with 
parameter A significantly greater in the radial orientation. Significant differences exist 
between the fibre content of different parts of the meniscus when they are measured in the 
coronal section [Leslie et al, 1998]. The density of the meniscal radial tie-fibres has been 
shown to increase from the outer periphery to the inner edge [Beaupre et a!, 1986, Leslie et 
a!, 1998]. These fibres emanate from the periphery and weave among the large 
circumferential fibre bundles. It has been proposed that if radial tie-fibres are included in a 
specimen tested perpendicularly to the circumferential fibre bundles that tensile stiffness and 
strength may increase to values close to those observed for axial specimens [Fithian et a!, 
1990]. Due to the relative locations within the meniscus it is probable that the axial 
specimens contain a larger quantity of radial tie-fibres than the radial. However, the 
circumferential fibres in the whole meniscus appear to be continuos with those of the 
anterior and posterior ligamentous horns that anchor the menisci firmly to the bone and are 
concentrated in the peripheral one-third [Beaupre eta!, 1986]. These circumferential fibre 
bundles are the primary load-bearing component in the meniscus in tension. The 
significantly greater tensile strength and stiffness displayed by the radial samples in this 
study compared to the axial samples confirms that a greater concentration of circumferential 
fibre bundles appears towards the periphery of the meniscus. As tensile loading continues, 
the radial tie-fibres rotate to become more aligned with the direction of loading, uncrimping, 
stretching and elongating towards failure. Procter eta!, 1989, demonstrated that radial fibres 
become more obliquely orientated during lateral shearing of circumferential fibre bundles. 
This enables the radial tie-fibres to provide supplementary tensile strength to the 
circumferential bundles. The radial and axial tests also measure the contributions from the 
ground substance matrix and interfibre and fibre-matrix interactions. The matrix contributes 
a low tensile stress in comparison to the ëollagen fibres and carries no load when stretched 
beyond its failure strain. Ultimate tensile stress in the radial orientation was significantly 
greater than the axial. This confirms that the greater quantity of circumferential fibre bundles 
provides the meniscus in the outer region with a greater failure stress than the inner sections. 
An increased number and frequency of radial tie-fibres does not contribute to the failure 
stress of the men iscal tissue in the radial and axial orientations. No differences were found in 
the value of ultimate tensile strain or strain intersect between the axial and radial 
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orientations. This is expected since the structure of both specimens is large type I collagen 
circumferential fibre bundles with sparser radial tie-fibres also present and, despite the 
significant difference is stress, the failure strain and crimp morphology is a material property 
maintained between the two orientations. 
Circumferentially orientated menisci were the weakest of the three orientations under tensile 
loading with a significantly lower UTS and stiffness than the axial and radial orientations. 
This orientation, Figure 8.134, has its radial tie-fibres parallel to the axis of loading with the 
predominant load-bearing circumferential fibre bundles perpendicular. Ultimate tensile strain 
was significantly greater in the circumferential orientation compared to the axial and radial. 
This corresponds to the progressive fibre recruitment and failure of successive radial tie-
fibres bearing the tensile loading, Figure 8.134, in the same manner as described for 
compressive loading. Strain intersect in the circumferential samples was significantly less 
than in the radial and axial samples. Whilst the crimp morphology remains consistent 
between the circumferential fibre bundles and the radial tie-fibres the relative length of the 
fibres, Figure 8.134, determines that the strain intersect must be significantly lower in the 
circumferential specimens. 
Increasing tensile load 
I — 
Successive failure of recruited radial fibres cause the 
ultimate tensile strain of the circumferential specimens to be 
significantly greater than the axial or radial 
Figure 8.134 Progressive fibre recruitment and failure in the circumferential samples subject to 
tensile loading. 
The failure mechanism for the axially and radially orientated specimens is characterised by a 
gradual decrease in load with successive formulation of large oblique cracks across the major 
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fibre bundles. At the point of crack initiation, the fibre bundles appear to pull out of the 
remaining intact material, causing large shear strains to be developed between the remaining 
fibres. During this process, radial fibres spanning the large circumferential fibre bundles are 
recruited to share some of the tensile load acting on the specimen. Continued loading will 
eventually cause these smaller radial fibres to rupture. Extensive 'pullout' of large fibre 
bundles will result in damage to many of the secondary radial fibres and in this manner 
planes of weakness between the large fibre bundles will be formed. A dramatic decrease in 
modulus and delayed failure of the circumferential specimens was shown as a result of the 
large ultimate tensile strain and low strain intersect described above in Figure 8.134. 
Tensile stiffness in the circumferential orientation is highly dependent upon the organisation 
of collagen fibres in the radial cross-section. The fibres emanate from the periphery and 
weave among the large circumferential fibre bundles. If radial fibres are included in a 
specimen, then tensile stiffness and strength may increase tenfold, to values close to those 
observed for axial specimens [Fithian etal., 1990]. This supports the idea that horizontal 
cleavage tears of the menisci occur by a shear mechanism along planes of weakness with 
little or no radial tie-bundles. It has been observed that when the tissue fails in 
circumferential tension, the plane of failure is usually the interface between two adjacent 
circumferential fibre bundles and the failure proceeds in shear along this weak plane [Fithian 
et al. 1989, Whipple et a!, 1985]. Beaupre et a!, 1986 observed that collagen fibres were 
predominately radial in the inner two-thirds and circumferential in the outer one-third of 
human menisci. They proposed there be a zone of potential weakness at the junction between 
these inner, medial and outer, lateral parts of the meniscus, predisposing the area to vertical 
cleavage lesions, which are common at this site. Thus, failure of radial tie-fibres may be the 
initial event in the development of traumatic bucket-handle tears of the meniscus. This 
hypothesis requires further examination of the mechanical properties of the circumferentially 
orientated specimens from differing sections between the inner and outer periphery to be 
validated. Skaggs and Mow (1990) tested circumferential specimens of bovine menisci in 
terms of the characteristics of the radial tie fibres. Their results showed that the elastic 
modulus varies from 61.77 to 80.33MPa when the radial tie fibres span the entire length of 
the specimens and from 7.82 to 14.27MPa when fibres do not exist in the specimens. This 
result seems to confirm the role that radial tie-fibres take in the prevention of vertical 
cleavage tears. If it were assumed that the latter specimens were also free of oblique axial 
fibres, then the reported value would be the elastic modulus of the matrix alone. Tissakht and 
Ahmed determined a much smaller value of 2.69 MPa, which was determined as one-fourth 
of the average elastic modulus of the radial specimens and a range of 2.69 MPa to 10.78 
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MPa, with the latter value corresponding to the average value of the radial specimens 
themselves. This variation had a negligible effect on the value of the tensile modulus of the 
meniscal fibres. 
The pathology of the meniscus was found to be a highly significant factor in the mechanical 
properties of meniscal tissue in all three orientations. Arthritic menisci displayed a 
significantly greater tensile strength than corresponding menisci from injured knees over the 
full range of tensile strains. The characteristic stress-strain behaviour in each of the three 
orientations previously described was maintained in both pathological groups. Collagen 
cross-linking is thought to increase with advancing age [Bjorksten, 1962, Ghosh and Taylor, 
1987]. In the circumferential orientation, the increased quantity of cross-links in arthritic 
menisci [age range 50-76, mean 68 years] accounts for the significantly increased tensile 
strength and stiffness of this tissue, compared to that of the injured [age range 15-44, mean 
29 years]. No significant differences were found between values of ultimate tensile stress 
and ultimate tensile strain in the circumferential orientation. This correlates well with the 
findings of this study in compression testing, with the material properties of ultimate tensile 
strength and ultimate tensile strain of the collagen fibres unaffected by pathology, despite an 
increased stiffness and strength throughout loading of the meniscus. 
As was the case with the meniscus under compressive loading, the effects of arthritis are 
more pronounced in the axial and radial orientations, with more significantly greater tensile 
strength, ultimate tensile stress and ultimate tensile strains found in the arthritic tissue. This 
is a direct effect of the increased quantity of cross-links in the arthritic menisci compared to 
the injured. Tangent modulus was significantly greater in both the circumferential and radial 
planes of arthritic menisci, as would be expected due to the increased cross-links causing 
greater tissue stiffness. However, in the axial orientation similar values were obtained 
between the injured and arthritic menisci. As previously described, the inner two-thirds of 
the meniscus, from where the axial samples originate, have a higher proportion of radial tie-
fibres than the outer one-third. Tangent modulus was calculated in the most linear section of 
the stress-strain plot following the toe-region. In this region, the extra cross-links in the 
arthritic menisci do not affect the tissue stiffness when compared to the effect of additional 
cross-links in the radial orientation (injured menisci lacking in radial tie-fibres) and the 
circumferential orientation (where the radial tie-fibres are the predominant bearer of tensile 
load). Therefore, whilst strengthening the tissue at failure points, these additional cross-links 
do not contribute to the tissue stiffness at low strains following the removal of the collagen 
crimp. 
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Values of strain intersect were greater in all three orientations of injured menisci compared 
to the arthritic. A negative value for strain intersect was determined in the circumferential 
orientation of arthritic menisci. The values of strain intersect represent the length of the toe-
region on stress-strain plots. This region is associated with the straightening of the coiled 
collagen structure or the collagen crimp. Values of strain intersect were very highly 
significantly greater in injured menisci in both the axial and circumferential orientations, but 
not so pronounced in the radial. This reduction in strain intersect in arthritic menisci relates 
to the loss of the crimp in the collagen fibres due to OA. In the circumferential orientation 
short radial tie-fibres bear tensile load. The effect of a loss of crimp in all collagen fibres 
within the meniscus will have the greatest effect on those fibres that are shortest in length. 
Hence, the significantly reduced (and negative average) value of strain intersect. As 
previously described, there are a higher quantity of radial tie-fibres in the axial orientation 
compared to the radial orientation. The increased quantity and subsequent crimp reduction of 
these fibres in the arthritic axial specimens causes this significant reduction in the strain 
intersect value. In the radial orientation, there is a (relatively) small increase in quantity of 
radial tie-fibres when arthritic menisci are compared to injured. Hence, a reduction in the 
value of strain intersect is observed, but it is not as pronounced as in the axial or 
circumferential orientations. 
The menisci were found to be highly inhomogeneous, i.e. the tissue displayed different 
properties in different circumferential regions of the meniscus, in both pathologies and in all 
three test orientations. In both the axially and circumferentially orientated samples of injured 
menisci, the anterior region displayed the lowest tensile strength of the three regions with the 
central region stronger than the posterior at strains up until 75 percent. The anterior region of 
radially orientated specimens also displayed the lowest strength of the three regions, with the 
posterior greater throughout. There is no measurable difference between the collagen fibre 
bundle content of the anterior, central and posterior regions of the menisci. Leslie eta!, 1998 
measured the proportion of radial collagen fibres in the human menisci and reported no 
differences due to circumferential location. Unfortunately, the study was concerned solely 
with quantities and did not exclude the possibility of structural differences between regions. 
In the lateral meniscus, large type I collagen fibre bundles are highly orientated and arranged 
parallel to the periphery of the tissue. However, in the posterior half of the medial meniscus, 
collagen fibre bundles have significantly reduced circumferential organisation, i.e. they are 
not aligned in the circumferential direction [Fithian eta!, 1985]. This site has a high 
frequency of clinically observed tears and it has been suggested that this may be due to the 
Robert Moran 	 241 
8.0 The Meniscus under Tension 
inferior tensile properties of the meniscus in this region. However, a direct relationship 
between the tissue stiffness and the level of stress to which the cartilage has been subjected 
to in vivo has been identified [Swann and Seedhom, 1993]. The posterior region of menisci, 
especially the medial posterior are thought to be subjected to a greater severity and 
frequency of stresses within the knee, since the medial compartment supports the majority of 
load transferred across the knee. In radially orientated samples, the major load bearing 
circumferential fibre bundles in the posterior display greater strength than the other regions, 
due to this region being subjected to greater loads in vivo. This strength is related to in vivo 
stress and decreases circumferentially around the meniscus towards the anterior region. 
However, the reduced orientation of fibres in the axial and circumferential samples results in 
the posterior region lacking in strength compared to the anterior and central regions at all but 
very high strains. As in the radial orientation, the anterior region displays the lowest tensile 
strength throughout, since this region is subjected to the least stress in vivo. In both the axial 
and circumferential orientations, the lack of structural organisation prevents the posterior 
region having the greatest strength until the structure and orientation of fibres has been 
organised and elongated such that it can accept tensile loading. This effect of the reduced 
organisation is confirmed when the medial and lateral samples are considered separately, 
with the lateral menisci displaying a greater tensile strength throughout in the circumferential 
orientation. In the axial orientation, the medial and lateral samples displayed similar tensile 
strengths up to strains of 40 percent, with the lateral stiffer thereafter. This is similar to the 
findings of the compression testing in that the initial unorganised nature of the fibre in the 
axial plane of posterior medial menisci assist in the tensile strength of the tissue when it is 
compared to the lateral. This is due to its loading mechanism. However, the organisation of 
the lateral menisci in this region provides greater strength ultimately. 
In the arthritic menisci, the posterior region of axially orientated tissue displayed the greatest 
tensile strength throughout, with the anterior and central regions having similar strengths at 
tensile strains below 40 percent, with the central stronger thereafter. However, in the radial 
orientation, the central proved to have greater tensile strength throughout, with the posterior 
region displaying the least. 
In the axial orientation of arthritic tissue, the medial menisci displayed greater tensile 
strength compared to the lateral, with the lateral greater in radially orientated menisci. These 
findings are the result of increased cross-links caused by the ageing and the effect of OA. 
The posterior region is more likely to be affected by the stiffening effect of OA, in particular 
the medial posterior. Therefore, whilst ageing and OA causes the anterior and central regions 
to stiffen through additional cross-links, hence the relative increase in strength of the 
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naturally stronger central region at strains above those for which the smaller cross-links will 
have passed their ultimate failure stress and strain, the posterior is affected more acutely. 
This is the cause of the medial menisci displaying a greater tensile strength compared to the 
lateral. However, in the radial orientation the posterior region was seen to be the weakest, 
with the central region stiffer throughout. The increasing number of cross-links found with 
advancing age and OA are unlikely to occur as frequently in the outer one-third of the 
meniscus as they are in the inner two-thirds. Therefore, the anterior and posterior regions 
have a reduced tensile strength due to the effects of mechanical fatigue or wear and tear. This 
additional effect of OA acting in the posterior region explains the apparent weakness in this 
region. 
For comparison of the results with those of previous studies, it is worth noting that despite 
the predominance of tensile testing in mechanical studies of the meniscus, only limited 
results have been reported for the parameters and mechanical properties evaluated in the 
present study, to describe the tensile stress-strain relation of the meniscal tissue. Mathur et 
a!, 1949, reported on the tensile strength of whole menisci and Bullough et a!, 1970, 
demonstrated anisotropy of meniscal tissue in tension, but neither of these two studies 
presented any information on the tensile behaviour of the tissue. Bullough reported that the 
tensile strength of axial human meniscal tissue samples ranged from 3 to I 7MPa, whilst the 
strength of radial samples ranged from 0.4 to 3MPa. These values are low in comparison 
with the results of this study probably due to the use of microtomed test specimens (9-20.tm) 
that are within the same order of magnitude as the average diameter of type I collagen fibre 
bundles found in the tissue. Therefore, it is likely that these specimens were composed 
mainly of sectioned collagen fibres. Uezaki etal., 1979 reported an axial tensile modulus of 
the order of I 7.5MPa for full thickness specimens of human meniscus, averaging the effects 
of structural inhomogeneities. However, the test protocol employed utilised an uncontrolled 
testing geometry and called for storing and testing the meniscal specimens in silicone oil, 
which likely had detrimental effects on tissue properties [Procter et al., 1989]. 
Results for the tensile modulus of both human [Farinaccio, 1989, Fithian et a!, 1990, 
Tissakht and Ahmed, 1995] and bovine [Skaggs and Mow, 1990, Whipple et a!, 1984] 
specimens in the axial orientation are available and compared with the results of the present 
study in Table 8.55. For the circumferential samples, results from only one study on human 
tissue are available [Tissakht and Ahmed, 1995] with all other tests performed on bovine 
specimens [Skaggs and Mow, 1990, Whipple eta!, 1984]. 
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Axial Specimens 	 Circumferential Specimens 
	
Anterior 	Central 	Posterior 	Anterior 	Central 	Posterior 
Whipple et al, 1984 Bovine 	 - 	132.76 	 - 	- 	26.26 	 - 
Farinaccio, 1989 	 167.54 	115.11 	146.80 	- - - 
Fithian et al, 1990 	 159.32 	160.98 	158.57 	- 	 - 	 - 
Skaggs and Mow, 1990 Bovine 	 - 	 - 	 - 	10.84 	32.68 	42.28 
Tissakht and Ahmed, 1995 	99.75 	90.22 	102.12 	7.82 	11.49 	13.04 
Present Study- Injured 	 39.50 	41.22 	49.71 	13.96 	17.40 	19.63 
Present Study - Arthritic 	 32.03 	42.90 	53.60 	23.35 	 - 	 - 
Table 8.55 Comparison of the elastic moduli (MPa) of the meniscus as measured in the present 
study with previous results. 
The axial specimens tested by Whipple et al, 1984, were prepared similar to those of the 
circumferential orientation, with their surface membrane either removed or not present. 
However, the effects of neither region nor location of the specimens were investigated. 
Fithian et al, 1990 separated the meniscal membrane from specimens before testing. The 
value of the tensile modulus obtained by Fithian eta!, 1990, which is about 160 MPa for all 
regions is higher than the values obtained in this study and that by Tissakht and Ahmed, 
1995 and Whipple et a!, 1984. It is comparable to the value for axial specimens from the 
anterior region but higher than those from the central and posterior region measured by 
Farinaccio, 1989. 
lnhomgeneity with respect to femoral depth was not investigated in this study. A comparison 
of the effect of the surface layer stiffness of the radial specimens was made by Tissakht and 
Ahmed, 1995. Stress-strain results from the outer layer and the middle layers were compared 
to those reported by Whipple eta!, 1985, who tested specimens with the meniscal membrane 
(200p.m surface layer) removed. Both sets of results were compared, with the middle layer 
found to be significantly less stiff than the membrane alone or the outer layers including the 
membrane. The outer layers of the meniscus are significantly stiffer than the middle layer 
[Tissakht and Ahmed, 1995, Whipple et a!, 1984] because the surface layer is structurally 
different from the internal sections of the meniscus and contains a higher density of fibres in 
a more random orientation [Fithian eta!, 1990, Whipple eta!, 1985]. This distinct narrow 
surface layer, approximately 30-120xm thick, consists of radially and obliquely orientated 
collagen fibres, adjacent to the tibia and femur and contains a higher concentration of type II 
collagen. These act as an envelope for the coarse, circumferentially orientated fibres in the 
deep interior zone [Fithian eta!, 1990]. This study has been concerned with the middle layer 
as this yields information more sensitive to the larger, type I collagen fibre bundles, 
predominately orientated in the circumferential orientations. 
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A comparison of regional and location variation within the meniscus in the axial orientation 
was performed by Fithian eta!, 1990 and comparison with the present study is made in Table 
8.56. 
Axial Orientation - Tensile Moduli (MPa)L 
	
Medial 	 Lateral 
Anterior 	Fithian eta!, 1990 	159.58 (26.20) 159.07 (47.40) 
Injured 	 39.50 (43.60) 	 - 
Arthritic 	 30.97 (17.60) 	 35.24 (17.00) 
Central 	Fithian eta!, 1990 	 93.18 (52.40) 	228.79 (51.40) 
Injured 	 41.22 (24.25) 	 52.03 (24.94) 
Arthritic 	 - 	 42.90 (24.50) 
Posterior 	Fithian et a!, 1990 	110.23 (40.70) 	294.00 (90.40) 
Injured 	 49.71 (27.00) 	 - 
Arthritic 	 32.09 (9.31) 	 107.20 (33.30) 
Average 	Fithian eta!, 1990 	 121.0 (-) 	 227.29 (-) 
Injured 	 43.50 (30.53) 	 52.03 (24.94) 
Arthritic 	 31.30 (15.33) 	 52.70 (35.50) 
Table 8.56 Tensile moduli in axially orientated meniscal samples: comparison of present study 
and Fithian et a!, 1990. 
Tissakht and Ahmed, 1995, have performed the most comprehensive study to date 
concerning the tensile stress-strain characteristics of the human meniscus to date. Menisci 
obtained from fresh-frozen knee joints were prepared in the axial and circumferential 
orientations from different regions and locations. Table 8.57, Table 8.58, Table 8.59 and 
Table 8.60 provide a comparison with the results obtained in the present study. 
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Axial Orientation 
UTS (MPa) (±SD) UT strain % (±SD) 
Medial 	Lateral Medial 	Lateral 
Anterior 	Tissakht and Ahmed, 1995 	16.40 (2.86) 	18.03 (6.19) 30.22 (9.27) 	29.48 (4.33) 
Injury 	16.06 (12.98) 	 - 61.30 (33.44) 	 - 
Arthritic 	9.80 (6.46) 	9.11 (3.11) 41.34 (13.98) 	36.50 (9.13) 
Central 	Tissakht and Ahmed, 1995 11.83 (1.60) 12.50 (3.14) 28.84 (10.06) 24.38 (9.31) 
Injury 18.29 (14.54) 17.20 (13.48) 75.02 (36.82) 41.59 (8.42) 
Arthritic - 11.31 (5.95) - 41.31 (14.43) 
Posterior 	Tissakht and Ahmed, 1995 17.08 (4.39) 17.31 (2.79) 34.10 (10.62) 25.27 (8.52) 
Injury 14.65 (9.06) - 53.62 (23.71) - 
Arthritic 7.44 (2.77) 28.28 (6.57) 34.38 (8.49) 26.60 (8.63) 
Average 	Tissakht and Ahmed, 1995 15.10 (2.98) 15.93 (4.07) 31.05 (9.98) 26.37 (7.38) 
Injury 16.74 (12.72) 17.20 (13.48) 65.79 (33.58) 41.59 (8.42) 
Arthritic 9.11 (5.65) 13.83 (8.88) 39.29 (12.77) 36.36 (11.80) 
Table 8.57 Comparison of results from present study with Tissakht and Ahmed, 1995: Axial 
orientation, ultimate tensile stress (MPa) and ultimate tensile strain. 
Axial Orientation 
Tensile Moduli (MPa) (±SD) 	Strain Intersect % (±SD) 
Medial 	Lateral 	Medial 	Lateral 
Anterior 	Tissakht and Ahmed, 1995 	79.86 (24.90) 	88.01 (31.47) 	9.68 (4.21) 	8.99 (2.50) 
	
Injury 	39.50 (43.60) 	 - 	11.37 (10.74) 	 - 
Arthritic 	30.97 (17.60) 	35.24 (17.00) 	2.53 (4.19) 	7.73 (2.95) 
Central 	Tissakht and Ahmed, 1995 	57.97 (19.82) 	67.68 (10.70) 	8.43 (2.18) 	5.90 (2.12) 
Injury 	37.94 (24.25) 	52.03 (24.94 	14.26 (16.53) 	9.11 (3.52) 
Arthritic 	 - 	42.90 (24.50) 	 - 	2.79 (4.97) 
Posterior 	Tissakht and Ahmed, 1995 	80.72 (23.95) 	95.80 (46.83) 	13.93 (5.76) 	7.19 (3.10) 
Injury 	49.71 (27.00) 	 - 	16.73 (11.01) 	 - 
Arthritic 	32.09 (9.31) 	107.20 (33.30) 	10.24 (9.75) 	0.01 (0.01) 
Average 	Tissakht and Ahmed, 1995 72.85 (22.91) 83.83 (58.22) 10.34 (4.05) 7.36 (2.57) 
Injury 41.50 (30.53) 52.03 (24.94) 14.20 (13.78) 9.11 (3.52) 
Arthritic 31.30 (15.33) 52,70 (35.50) 4.80 (5.76) 4.21 (6.01) 
Table 8.58 Comparison of results from present study with Tissakht and Ahmed, 1995: Axial 
orientation, tensile modulus (MPa) and strain intersect. 
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Circumferential Orientation 
UTS (MPa) (±SD) UT strain  
Medial 	Lateral Medial 	Lateral 
Anterior 	Tissakht and Ahmed, 1995 	1-90(1.20) 	1.69(1-19) 59.74 (19.32) 	60.62 (18.90) 
Injury 	10.34 (6.77) 	4.75(l.64) 88.36 (37.64) 	102.00 (96.50) 
Arthritic 	10.51 (6.59) 	 - 83.10 (69.00) 	 - 
Central 	Tissakht and Ahmed, 1995 	2.00 (0.62) 	3.64 (2.55) 	44.08 (25.26) 	58.39 (25.97) 
	
Injury 	11.19 (1.82) 	 - 	87.70 (33.80) 
Arthritic 	 - - - 
Posterior 	Tissakht and Ahmed, 1995 	0.81 (0.32) 	2.23 (0.61) 	56.71 (11.03) 	46.71 (10.83) 
Injury 	9.70 (6.37) 	 - 	87.50 (46.00) 
Arthritic 	 - - - 
Average 	Tissakht and Ahmed, 1995 	1.57 (0.90) 	2.52(l.73) 	53.51 (18.35) 	55.24 (18.15) 
Injury 	10.23 (6.01) 	4.75(l.64) 	87.93 (39.50) 	102.00 (96.50) 
Arthritic 	10.51 (6.59) 	 - 	83.10 (69.00) 	 - 
Table 8.59 Comparison of results from present study with Tissakht and Ahmed, 1995: 
Circumferential orientation, ultimate tensile stress (MPa) and ultimate tensile strain. 
Circumferential Orientation 
Tensile Moduli (MPa) (±SD) Strain Intersect % (±SD) 
Medial 	Lateral Medial 	Lateral 
Anterior 	Tissakht and Ahmed, 1995 	3.59(l.43) 	4.07(l.86) 6.68 (3.97) 	19.06 (19.06) 
Injury 	15.35 (12.64) 	7.72 (4.75) -0.06 (18.21) 	-8.32 (15.23) 
Arthritic 	23.35 (18.12) 	 - -3.52 (5.12) 	 - 
Central 	Tissakht and Ahmed, 1995 	5.60 (2.23) 	10.14 (4.65) 	8.30(l.36) 	22.44 (16.35) 
Injury 	17.40 (3.43) 	 - 	4.38 (4.54) 	 - 
Arthritic 	 - - - - 
Posterior 	Tissakht and Ahmed, 1995 	2.03 (0.54) 	4.21 (1.26) 	16.63 (5.55) 	17.66 (6.80) 
Injury 	19.63 (16.42) 	 - 	10.75 (17.71) 	 - 
Arthritic 	 - - - - 
Average 	Tissakht and Ahmed, 1995 	3.74(l.37) 	6.14 (2.62) 	9.93 (6.16) 	19.72 (10.88) 
Injury 	17.31 (13.28) 	7.72 (4.75) 	4.78 (17.08) 	-8.32 (15.23) 
Arthritic 	23.35 (18.12) 	 - 	-3.52 (5.12) 	 - 
Table 8.60 Comparison of results from present study with Tissakht and Ahmed, 1995: 
Circumferential orientation, tensile modulus (MPa) and strain intersect. 
Tissakht and Ahmed, 1995, found no significant effect of region on the tensile modulus of 
circumferential or axial specimens. This was in contrast to the findings of this study and all 
other previously published reports [Bullough et a!, 1970, Farinaccio, 1989, Fithian et a!, 
1990, Skaggs and Mow, 1990, Whipple eta!, 1984]. In their study, only results of axial 
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specimens obtained from the outer 1/3 of the menisci have been considered. This choice was 
based on the fact that the collagen fibres are concentrated mainly in the periphery of the 
menisci and at the surface. However, their orientation is predominantly axial at the outer 
one-third of the menisci and random at the surface [Aspden eta!, 1985; Beaupre eta!, 1986, 
Cameron and MacNab, 1972; Ghosh and Taylor, 1987]. Test results of some specimens 
prepared from the inner two-thirds of the menisci showed that the values of the elastic 
modulus vary from 29.42 to 47.70 MPa, with the latter value comparable to the elastic 
modulus of the membrane as reported by Whipple eta!, 1985, 59.8 MPa. 
Tangent modulus was found to increase posteriorly in the axial orientation in both injured 
and arthritic menisci and the circumferential orientation of injured menisci in this study. No 
data were available concerning the circumferential orientation of arthritic menisci. This 
increasing stiffness posteriorly is due to the posterior increase in stresses received in vivo. In 
the axial orientations of both tissue pathologies, lateral menisci were found to be stiffer than 
medial in all regions where comparison were possible. This correlates well with the findings 
of Tissakht and Ahmed and reflects the differences in tissue architecture previously 
described. A lack of test data makes comparison of lateral and medial menisci in the 
circumferential orientation inappropriate. Considerations of tissue architecture must agree 
with the findings of Tissakht and Ahmed that the lateral menisci were stiffer than the medial 
in the circumferential orientation. In the radial orientation, tangent modulus did not follow a 
similar regional variation, with the anterior and posterior regions stiffer in both injured and 
arthritic menisci. The tissue stiffness in these regions reflects their role in vivo, which is to 
provide a strong attachment to the insertional ligaments. This explains why stiffness was 
greater in the medial than the lateral, since anatomically the lateral menisci are more mobile. 
Ultimate tensile strength appeared to be greater in the central regions of axially and 
circumferentially orientated menisci, with the anterior and posterior regions similar, 
however, no statistically significant variations were determined, correlating well with 
Tissakht and Ahmed, 1995. UTS is a material property of the collagen fibres which does not 
measurably alter in content between the anterior, central and posterior regions. However, in 
both the axial and radial orientations of arthritic menisci, an increase in UTS was noted 
posteriorly, due to the effects of OA. No significant variations in the value of ultimate tensile 
strength between medial and lateral menisci could be determined, although lateral menisci 
displayed greater UTS in the axial and radial orientations of arthritic menisci and the axial 
orientation of injured tissue, reflecting the tissue architecture of the meniscus pair. However, 
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UTS in the circumferential orientation was significantly greater in the medial menisci 
compared with the lateral. 
No significant variation was determined in the value of ultimate tensile strain in either the 
axial or circumferential orientations of both pathologies, correlating well with the findings of 
Tissakht and Ahmed. However, the anterior region of radially orientated injured menisci had 
a significantly greater failure strain than that of the posterior, with a notable posterior 
decrease through the menisci. In the arthritic menisci a posterior increase was noted, though 
not statistically significant. 
Tissakht and Ahmed, 1995, found significant variations due to regional location in the 
maximum strain values in the circumferentially orientated menisci with the anterior 
(50.92%) and central (46.43%) failing at higher strains than the posterior region (35.1 1%). 
No effect of medial and lateral meniscus variation in the maximum strain value in the 
circumferential orientation. In the axial orientation, no regional variation was noted, but the 
lateral menisci maximum strain was larger than the medial. 
No statistically significant differences were noted in the value of strain intersect (SI) for 
either tissue pathology in either the axial or radial orientation, which is in good agreement 
with the findings of Tissakht and Ahmed, 1995. However, strain intersect in the central 
region of circumferential specimens was significantly less than that of the posterior. Strain 
intersect was determined higher in the medial menisci in all orientations, due to the effects of 
tissue architecture between the two menisci. The lateral menisci is more has a greater degree 
of organisation of its fibres and thus, each fibre reaches the end of its crimp region at lower 
strains than those in the medial, which may need to be rotated through the ground substance 
matrix before they can be elongated. Tissakht and Ahmed, 1995, determined that the value of 
SI was dependent upon regional location in both menisci. SI in the posterior (16.63) region 
of medial menisci was significantly higher than both the central (8.30) and anterior (6.68). 
The central (22.44) region of lateral menisci was significantly greater than the anterior 
(19.06) and posterior regions in the circumferential orientation. Strain intersect of specimens 
from the lateral menisci was significantly higher than that of specimens from regions in the 
medial menisci. No variation was found in the regions or menisci for axially orientated 
meniscal samples in the value of SI. For the axial specimens, the SI, a characteristic of the 
initial slackness of the fibres, was found to be much smaller than the maximum strain of the 
same specimens. 
The large range and differences in reported values of the mechanical and material properties 
of meniscal tissue may be influenced by differences in sample preparation, storage and test 
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techniques. Larger specimens include a greater number of collagen fibre bundles, which are 
reported to be 0.05-0.15mm [Mow et a!, 1992] and 0.20-0.40mm [Fithian et a!, 1989] in 
diameter. Use of larger specimens could reduce the percentage of severed fibre bundles in 
the specimens, better representing the constitutive behaviour of the material. Longer fibres 
and fibres of larger diameter stiffen the tissue, i.e. provide it with a higher modulus, more 
than an equal volume of shorter, thinner fibres [Parry eta!, 1978, Torp eta!, 1975]. Small 
samples give a varying ultimate tensile strength and in large samples of material, stronger 
fibres compensate for weaker ones. However, a larger specimen includes more of a regional 
variation in material properties within the specimen, but may provide better assumption of a 
continuum. The lengths of tensile samples extracted from meniscal tissue are very small and 
thickness must be kept to a few hundred microns to provide standard dimensions. 
Consistency throughout the three experimental procedures has been important so that 
comparisons between the results achieved in all experiments may be used for comparisons 
with each other. 
Storage of cartilage in formaldehyde increases the number of cross-links between the 
collagen fibres and this has been seen to increase the stiffness of the tissue. This has a great 
influence on strain measurements as well. As is clear from the comparisons of the 
measurements of this study with previously reported research, the strain values are 
significantly greater in this study. There are no reported values for the mechanical properties 
of fresh human menisci and as such the results of this study present the nearest yet to the in 
vivo operation of human meniscal tissue. 
Menisci from both injured and arthritic patients displayed significant variations dependant 
upon from which knee the menisci originated. In the injured tissue, axially orientated tissue 
from the right knee displayed a significantly greater tensile strength throughout loading, but 
in the radial orientation, left knee menisci proved significantly stronger. Ultimate tensile 
strength, ultimate tensile strain and tangent modulus were all significantly greater in right 
knee menisci in both orientations, with strain intersect greater in the left knee on the axial 
orientation and greater in the right knee of radial samples. No statistically significant 
differences were noted in the axial or radial samples from arthritic menisci, but right knee 
menisci proved stronger and had larger values of ultimate tensile stress, ultimate tensile 
strain, tangent modulus and strain intersect in the radial orientation. However, the left knee 
menisci proved stronger in the axial orientation. 
There are no known specific structural (or ultrastructural) differences between menisci from 
the right and left knees, nor any reported observations of differences in biochemical 
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composition. However, statistically significant different results were determined. There are a 
number of ligaments that may or may not be present in the joint capsule. For example, the 
variably present posterior (Wrisberg) and anterior (Humphrey) meniscofemoral ligaments 
pass from the posterior horn of the lateral menisci to the lateral aspect of the medial femoral 
condyle. The ligament of Wrisberg is formed by the posterior fibres of the posterior horn of 
the lateral meniscus attaching to the medial femoral condyle, posterior to the origin of the 
PCL and anterior to the posterior horn of the medial meniscus. This posterior 
meniscofemoral ligament is found in around 76 percent of cadaveric material [Clancy et al, 
1983]. In 50 percent of knees, the anterior fibres of the posterior horn of the lateral meniscus 
insert to the medial femoral condyle anterior to the origin of the PCL forming the anterior 
meniscofemoral ligament (Humphrey ligament). Usually one or other of these structures is 
present and they vary markedly in size. The menisci have mobility within the knee joint. 
Since the menisci are mainly fixed to the tibial plateau and the axis of knee motion is located 
at the level of the femoral epicondyles during extension and flexion, motion is larger in the 
meniscofemoral rather than the meniscotibial joint. Clearly the presence of additional 
meniscofemoral ligaments must affect the motion of the menisci and therefore, the way in 
which load and stress is borne. It is widely known that the menisci are adapted to their 
functional stressing. It is therefore reasonable to suggest that the presence of additional 
ligaments will cause slightly different variations in location and transferral into tensile stress 
and strain, within the meniscal collagen fibres, of any applied of loads and stresses. This may 
be particularly evident in wear and tear/fatigue considerations. Therefore, slightly different 
meniscal pair and knee variations in the mechanical properties of the meniscus may be 
caused by the presence of additional anatomical structures within the knee joint capsule. The 
regional variation, pathology and orientation investigations previously completed and their 
respective results will be unaffected by the presence of these additional anatomical 
constraints, since these relative differences will be maintained and the data values will 
correspond to the average mechanical and material response of the meniscus in each 
category. 
Styles of gait and patient lifestyle are important factors in the consideration of knee 
variations of the meniscus. Individual styles of gait, between patients may affect the 
mechanical properties of the meniscus. For instance, which compartment of the knee is 
initially loaded at heel strike? When the knee moves it does not just bend (flex) or straighten 
(extend), but it also has a slight rotational component in its motion. During flexion and 
extension of the tibiofemoral joint there is a combined roll, glide and spin off the articulating 
surfaces to help maintain joint congruency. Styles of gait and patient lifestyle are important 
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considerations in explaining the knee variations of the meniscus. Individual styles of gait 
between patients are likely to affect the mechanical properties of the meniscus, particularly 
the effects of fatigue, through poor load transmission or uneven loading in specific joint 
contact areas, caused by poor gait. For instance, the predominance of knee arthritis in the 
medial aspect fits this paradigm. The lateral knee is loaded initially at heel strike, with the 
medial compartment, which takes 60 percent of the total load by mid-stance loaded later in 
the step. The effect of OA on the collagen fibres within the meniscus has been highlighted. 
Fatigue effects may differ between the left and right knees in some patients, exacerbated 
through an exceptionally active lifestyle, or through a repetitive stress of excessive impact 
loading over time, e.g. rugby kickers standing leg. 
Despite the lack of statistically significant variations between the menisci obtained from the 
left and right knee, it is the authors view that the variations observed and their heterogeneous 
nature, reveal that differences do occur between knees as a result of gait and lifestyle. 
Further investigation must be performed, analysing the effects of additional anatomical 
features of the knee joint capsule and variations in joint loading caused by gait and lifestyle, 
e.g. professional sports person. This will be most accurately and simply accomplished 
utilising accurate computer modelling and simulation, which the data and stress-strain 
behaviour information provided in this study will contribute considerably towards. 
In both the axial and radial specimens, male menisci proved to have greater tensile strength 
compared to female menisci at strains below 25 percent, with female stronger thereafter. 
Ultimate tensile stress, ultimate tensile strain and tangent modulus were greater in female 
menisci in the axial orientation, but greater in male menisci in the radial orientation. 
In arthritic menisci, male menisci proved stronger at strain below 60 percent in the axial 
orientation, 25 percent in the circumferential orientation, but at all strains in the radial 
orientation. Female patients provided greater values of ultimate tensile strength and ultimate 
tensile strain in both the axial and radial orientations, with greater tangent modulus and strain 
intersect in female menisci in the axial orientation and in male menisci in the radial 
orientation. Leslie, 1996, reported that radial fibre content was significantly greater in female 
menisci than male. Unfortunately the study was concerned solely with quantities and did not 
exclude the possibility of structural differences between regions and layers. The stiffening 
effect of the radial tie-fibres would increase the mechanical properties of female menisci, but 
were this the sole reason of the variation, then it is reasonable to suggest that female tissue 
would display greater strength in both the axial and radial orientation. Despite the statistical 
significance obtained, differences due to the sample population being biased must not be 
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discounted and may provide a valid explanation. Further investigation must be performed 
focussing on the effects of male and female menisci with just one or two variables from a 
greater size of population, e.g. compressive strength in the central region of menisci only. 
However, this presents known problems with material procurement. Thus, no firm 
conclusions may be drawn from the data presented in this study on the variations in 
mechanical properties and behavioural characteristics of menisci under tension due to 
gender. However, of equal importance, the data suggest that gender variations may be a 
significant feature of the material. 
The mechanical properties and behavioural characteristics of human menisci under tension 
were found to be age-dependent. Trends with increasing age were investigated across the full 
range of specimens and within the specific pathology groups. Due to the nature of sample 
procurement, this study has not been able to produce age-matched controls for wither 
pathology group, so the results and findings of this analysis must be treated appropriately. 
No relevant data exists in the literature. 
Parameter A and calculated values of AB and AB  displayed a tendency to decrease with 
increasing age in the axial and radial orientations of injured menisci, whilst showing a trend 
to increase in the circumferential orientation. Parameter B displayed a tendency to increase 
in all three orientations. Within the arthritic menisci, parameter A, AB and AB  decreased in 
the axial and circumferential orientations whilst B decreased. Parameter A increased in the 
radial orientation, with B, AB and AB  decreasing. Ultimate tensile stress and strain 
decreased in both the axial and radial, with no change in the circumferential across the full 
age range of sample tissue. Ultimate tensile stress displayed a significant decrease with 
advancing age in both the radial and axial orientations of injured menisci and a non-
significant increase in the circumferential. No significant differences were noted in the 
arthritic tissue with a trend to increase with advancing age in the axial orientation and 
decrease in both the circumferential and radial. 
There is an extremely low turnover of cartilage collagen and an individual collagen fibre will 
eventually accumulate a very large number of load cycles and as a consequence could 
conceivably fail mechanically in tension. OA disrupts the collagen networks and forms 
degeneration within the remaining collagen. The results presented give a clear indication that 
ageing has a detrimental effect on the collagenous matrix of the human meniscus and this 
effect results in the higher incidence of degenerative tears within the meniscus that are 
presented in the elderly patient, with no report of incidence of trauma. 
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Ultimate tensile strain significantly decreased with advancing age in both the axial and radial 
orientation of the injured menisci, with a non-significant trend to decrease displayed in the 
circumferential. Strain intersect showed a non-significant decrease in the axial and 
circumferential orientation, but no change in the radial. A shortening of the toe region has 
been shown to occur with advancing age, which would suggest that the value of strain 
intersect would demonstrate a decrease in value with advancing age. That this is evident 
within the injured specimens is a clear indication of the effects of ageing being observed in 
the mechanical performance of patients, who are clearly not traditionally termed elderly. In 
arthritic menisci, ultimate tensile strain decreased non-significantly in the axial orientation, 
but displayed an increase in the circumferential and radial orientations. Strain intersect 
appeared to increase with age in the axial and radial orientations but decrease non-
significantly in the circumferential. These results appear heterogeneous in nature. Whilst a 
decreasing strain intersect would be expected to coincide with the flattening of the collagen 
crimp due to ageing and OA effects, the apparent increase in ultimate strain demonstrates the 
potential effects of the additional cross-links occurring with advancing age. Tangent 
modulus decreased in all three orientations of injured menisci but no significant trends were 
determined. In arthritic menisci tangent modulus decreased in the radial and circumferential 
samples, but increased in the axial. However, an increase was shown in tangent modulus 
values across the full age range in all three orientations. This corresponds to the stiffening 
effect of increasing age, due to the formation of additional cross-links. Mature fibres of 
larger diameters tend to have more extensive cross-linking which further stiffens the tissue 
[Parry eta!, 1978]. However, the decrease in both the radial and axial orientations of arthritic 
tissue demonstrates the disruption caused to the collagen networks and the degeneration 
within the remaining collagen due to OA. With increasing age, exacerbated through 
osteoarticular disease, the meniscus becomes less flexible, more brittle and prone to the 
development of cracks, through changes to the collagenous framework [Viidik, 1982]. 
Additional cross-links may have more effect on stiffening OA tissue tested in the axial plane 
due to the nature of the loading (and failure) mechanism in these specimens and since tie-
fibres are more likely to form towards the inner periphery and have greatest mechanical 
influence. 
A non-linear i-shaped anisotropic response of fresh human meniscal tissue to tensile loading 
has been presented. Significantly greater mechanical properties under tension are evident if 
the axis of loading is parallel with the large circumferential fibre bundles, which are the 
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primary load bearing component of the meniscus. A greater quantity of circumferential fibre 
bundles towards the outer periphery of the knee meniscus provides this region with a greater 
tensile strength, generating large hoop-stresses in the meniscus in vivo and providing a 
strong attachment through the anterior and posterior horns to the insertional ligaments. 
Radial tie-fibres provide additional tensile strength, but their primary role is to prevent 
shearing of the circumferential fibre bundles, providing the meniscus with added structural 
integrity. It is likely that failure of the radial tie-fibres is the initial event in the development 
of longitudinal and bucket-handle tears, followed by shearing along the length of the 
circumferential fibre bundles. OA causes a stiffening effect on the collagen fibres in tension, 
through increased cross-links and a reduction in the effectiveness of the collagen crimp 
causing a loss of the shock absorbing properties of the meniscus in the arthritic knee. The 
reduced circumferential organisation of the collagen fibres in the medial posterior of the 
menisci causes the posterior to display a lower mechanical performance under tension in 
both the axial and circumferential planes. However, the relationship between mechanical 
strength and stiffness of the meniscus and the level of stress to which the cartilage is 
subjected to in vivo, causes the posterior region of radially orientated tissue to have an 
increased mechanical effectiveness. 
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9.0 The Meniscus under Shear 
The mechanical properties and behavioural characteristics of human knee joint menisci were 
determined when subject to pure shear loading. Fresh knee joint menisci from meniscectomy 
and total knee replacement surgery were prepared in three orientations (axial, circumferential 
and radial) from three different regions (anterior, central and posterior) and different patients 
(pathology, gender and age) and locations (medial/lateral menisci and right/left knee). 
This section details the full results of pure shear loading of the human knee joint meniscus. A 
summary of the major results is provided initially, followed by a detailed analysis of the 
results investigating in turn the effects of orientation, pathology and circumferential region 
of the test samples and the original location of the meniscus, i.e. right/left knee, 
medial/lateral compartment and male/female patient. The effects of each of the six factors 
under investigation are analysed in turn on the regression model parameters, followed by the 
material properties. Relevant tables of data, figures and detailed descriptions of the statistical 
analysis at each stage are incorporated within the text, with further data provided for 
reference in Appendix E. A discussion of the cause and effects of the results on the 
mechanics of the meniscus and their relevance is then presented. 
9.1 Results 
Results Summary 
All stress-strain curves generated for the loading of the menisci under pure shear were I/i-
shaped. This confirmed a non-linear response of men iscal material to shear stress and strain, 
typical of soft, biological tissue. Therefore, it was appropriate to use a non-linear stress-
strain relationship to accurately describe the curves over their full range of operation. The 
1/i-shaped stress-strain curve is characterised by an initial high modulus region, followed by 
a gradually decreasing modulus. 
The experimentally obtained stress-strain data were fitted to a non-linear exponential model 
[Equation 9] using a non-linear regression procedure. This model provided a close fit for all 
specimens (N=59) regardless of test orientation, tissue pathology, regional location and all 
other considered factors. This ensured that the regression model could be used to determine 
and analyse accurately the mechanical properties and behavioural characteristics of fresh, 
human knee joint menisci when subject to pure shear loading. 
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The exponential model used two parameters A and B to describe the behaviour of the stress-
strain relationship over the whole range of pure shear loading of the meniscus. Parameter A 
denotes the asymptote of the regression model and represents the ultimate shear stress of the 
test sample, i.e. the stress as y—*co. 
Values of ultimate shear stress, ultimate shear strain, tangent shear modulus, its related 
coefficient of determination, offset yield stress and offset yield strain were calculated from 
the individual experimental data. These mechanical properties and the regression model 
parameters A and B, and calculated AB and AB 2 were investigated through ANOVA and 
parametric and non-parametric statistical techniques to determine significant differences 
caused by the test factors being considered. 
The menisci were subjected to pure shear loading in three distinct orthogonal planes, i.e. 
axial, circumferential and radial and very highly statistically significant differences were 
found in the response of the tissue in all three orientations. Axially orientated menisci 
showed significantly greater shear strength at all strains compared to the circumferential and 
radial planes. Under very low strains of less than 3 percent, the shear strength of the 
circumferential and radial planes was similar, but with increasing strain, the strength of the 
circumferential tissue becomes significantly greater than the radial. Ultimate shear stress and 
tangent modulus was significantly greater in the axial orientation than both the 
circumferential and radial, with the circumferential orientation significantly greater than the 
radial. A significantly greater ultimate strain was found in the axial menisci, with the radial 
plane displaying the lowest value. 
The menisci originated from two distinct pathological groups, trauma and osteoarticular 
disease and statistically significant were found between the two pathologies in all three test 
orientations. Arthritic menisci displayed a greater shear strength in both the axial and radial 
orientations compared to the injured over the full range of shear strain, whilst the injured 
tissue in the circumferential plane had a greater shear strength compared to circumferentially 
orientated arthritic tissue. Subsequently, both the axial and radial orientations of arthritic 
tissue had significantly greater values of ultimate shear stress and tangent shear modulus 
compared to the injured tissue, with the injured menisci displaying greater values in the 
circumferential orientation. In all three orientations, ultimate strain was significantly greater 
in the injured tissue compared to the arthritic. 
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The menisci were found to be highly inhomogeneous, i.e. the tissue displayed different 
properties in different regions of the meniscus. In the axial orientation, the posterior region 
of injured tissue displayed significantly lower shear strength throughout the full range of 
shear strains compared to the central region, with ultimate shear stress, ultimate shear strain 
and tangent shear modulus all significantly lower in the posterior region. In axially 
orientated arthritic tissue, the posterior region displayed a significantly lower shear strength, 
ultimate stress, ultimate strain and tangent modulus than both the anterior and central 
regions. In the circumferential orientations of arthritic menisci, when subject to shear strains 
less than 7 percent, the anterior region displayed the greatest shear strength with the 
minimum occurring in the posterior. However, at strains greater than 7 percent, the posterior 
region displayed greater shear strength than all other regions, with the lowest shear stress 
found in the anterior. Ultimate shear stress and strain were determined to have a greater 
value in the anterior region compared to both the central and posterior, whilst tangent shear 
modulus proved greatest in the central region, with its lowest value found in the posterior. In 
the radial orientation, regional analysis was severely limited due to a lack of test data. 
However, the posterior regions of both injured and arthritic menisci displayed lower shear 
strength at all strains compared to all other regions investigated. In the injured tissue, 
ultimate shear stress, ultimate shear strain and tangent shear modulus were all determined to 
be greater in the central region compared to the posterior. In arthritic menisci, the posterior 
region was found to have similar values of ultimate stress and ultimate strain to the anterior, 
but a significantly greater tangent modulus. 
The mechanical properties of the meniscus were found to vary dependent upon from which 
meniscus the test sample originated, with statistical significance determined in the axial 
orientation. No data were available on medial and lateral variations within injured menisci or 
within the radially orientated arthritic tissue samples. However, in both the axially and 
circumferentially orientated arthritic menisci, the same patterns of variation between medial 
and lateral tissue were noted in both the regression model parameters and the material 
properties. Under low strain, less than 3 percent in the axial and less than 5 percent in the 
circumferential, lateral menisci showed greater shear strength compared to the medial, with 
the medial showing a greater stress at strains above these respective values compared to the 
lateral. Ultimate stress and ultimate strain were both found greater in the medial tissue 
compared to the lateral (significant in the axial orientation, p<0.05), with a higher tangent 
modulus occurring in the lateral menisci. 
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The mechanical properties were found to vary upon from which knee the menisci originated. 
In the axial orientation, right knee menisci displayed a greater shear strength compared to the 
left in injured tissue, whilst a greater shear stress at corresponding shear strains was 
determined in left knee menisci in the arthritic tissue. Ultimate shear stress and tangent shear 
modulus in the right knee menisci of injured knees was greater than that of the left menisci, 
with a greater ultimate strain determined in the left knee menisci. In the arthritic menisci, 
ultimate shear stress, ultimate shear strain and tangent shear modulus were all determined to 
be greater in the left knee menisci. In the circumferential orientation, arthritic right knee 
menisci had greater shear strength than left knee menisci over the full range of shear strain. 
Ultimate shear stress was greater in menisci from the right knee with ultimate shear strain 
and tangent shear modulus greater in the left knee tissue. In the radially orientated injured 
menisci, the left knee had greater shear strength at all strains compared to the right knee, and 
subsequently greater values of ultimate shear stress and tangent shear modulus, with the right 
knee displaying a greater value of ultimate shear strain. 
Due to a lack of test samples, a comparison of male and female menisci was only possible 
within the axially orientated arthritic menisci. At all shear strains, female menisci displayed a 
greater shear strength compared to male menisci, with greater values of ultimate stress, 
ultimate strain and tangent modulus occurring in female menisci. 
The mechanical properties of human menisci were shown to be age-dependent. Within the 
injury specific specimens parameter A and B tended to increase with advancing age in the 
axial orientation, but decrease in the radial. Parameters A and B tended to increase with 
advancing age in the axial and radial orientations of arthritic menisci, with A decreasing and 
B increasing in the circumferential. Across the full range of patients samples, ultimate shear 
stress and tangent modulus increased significantly with increasing age in both the axial and 
radial orientations, whilst decreasing within the circumferential orientation. Ultimate strain 
decreased with increasing age, showing a significant linear trend in both the axial, p<0.005, 
and radial, p<0.05,  orientations. Within the specific pathology groups, ultimate shear stress 
and tangent modulus increased significantly in the injured specimens in the axial orientation, 
but decreased significantly in the radial. Ultimate shear strain increased in both the axial and 
radial orientations. In the arthritic samples, ultimate shear stress decreased in both the axial 
and circumferential orientations, but increased in the radial. Ultimate shear strain decreased 
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in both the axial and radial orientations, increased in the circumferential, whilst tangent shear 
modulus increased with advancing age in all three orientations. 
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Analysis of Variance (ANOVA) 
Analysis of variance was performed on the experimental values of the regression model 
parameters and material properties obtained from each shear test (N=59) and six independent 
factors. 
ANOVA Shear Regression Parameters 
Response 	A 	 B 	AB 	A82 	r 	 S 
Factor 
Orientation 	 p=0.000 	p=0.849 	p=0.006 	p0.601 	p=0.682 	p=0.000 
* 
Pathology 	 p=0.436 	p0.651 	p=0.721 	p0.916 	p0.211 	p=0.303 
Location 	 p=0.506 p=0.768 p=0.786 p=0.973 p=0.021 p=0.269 
* 
Meniscus 	 p=0.541 p=0.732 p=0.289 p=0.556 p=0.259 p=0.215 
Knee 	 p=0.550 p0.963 p0.437 p0.908 p=0.016 p=0.000 
* * 
Gender 	 p=0.536 p=0.873 p0.424 p=0.859 p=0.770 p=0.367 
Table 9.61 ANOVA results for model parameters A and B, calculated AB and AB2, correlation r 
and sample error S for shear tests; 1* denotes statistical significance]. 
Table 9.1 displays the results of the ANOVA performed on regression model parameters A 
and B, associated correlation coefficient r and sample error S. calculated values AB and AB  
and the six factors to be investigated. Orientation was highlighted as a very highly 
statistically significant factor in the values of A, AB and sample error, S. Location and knee 
were highlighted as significant factors in the value of correlation of the non-linear model, r, 
with knee shown as a very highly statistically significant factor in the value of the sample 
error, S. 
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ANOVA Shear Material Properties 
Response Ultimate Ultimate Tangent Offset Yield Offset Yield 
Factor Stress Strain Modulus, G Stress Strain 
Orientation p=0.000 p0.131 p=0.001 p=0.000 p=0.436 
* * * 
Pathology p=0.238 p=0.028 p=0.277 p=0.764 p=0.346 
* 
Location p=0.287 p=0.945 p=0.894 p=0.600 p=0.978 
Meniscus p=O.132 p0.861 p0.236 p=0.396 p=0.880 
Knee p=0.007 p=0.656 p=O.183 p=O.175 p=0.841 
* 
Gender p0.927 p=0.542 p=0.577 p=0.585 p=0.836 
Table 9.62 ANOVA results for ultimate shear stress, ultimate shear strain, tangent shear 
modulus G, offset yield stress and offset yield strain for shear tests. I * denotes statistical 
sign qficance. 
Table 9.62 displays the results of the ANOVA performed on the experimental results of 
ultimate shear stress, ultimate shear strain, tangent shear modulus and offset yield stress and 
yield strain for the six factors. Orientation is highlighted as a very highly statistically 
significant factor in the value of ultimate stress, tangent shear modulus and offset yield 
stress. Pathology appears to cause an effect on the value of ultimate strain, whilst the knee 
appears to be a significant factor in the value of ultimate stress. 
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Regression Model 
Experimental stress-strain data were fitted to a derivative of Fung's exponential model for 
biological tissues [Equation 9] using a non-linear regression procedure and this model 
provided a neat fit for all specimens (7V=59) with no inflexion points. The ability of the 
constitutive model to describe the menisci behaviour was compared to the experimental data 
based on the correlation coefficient rand sample error S, Table 9.63. The exponential model 
produced an average correlation factor r of 0.9910 (±0.0077 SD) [±0.0011 SEM] and a 
sample error  of 1.232 (±1.006) [±0.1370] MPa. 
	
Orientation 	Pathology 	Correlation 	 (±SD) Sample error, 	 (±SD) 
factor, r [±SEMJ f(MPa) [±SEM] 
All 	Average (N=54) 	0.9910 	(±0.0077) 	1.2320 	(±1.0060) 
[0.0011] [0.1370] 
Axial 	Injury (N=8) 0.9902 (±0.0057) 1.9480 (±0.7630) 
[0.0020] [0.2700] 
Arthritic (N=19) 0.9914 (±0.0071) 1.9470 (±0.9970) 
[0.0016] [0.2290] 
Average (N=27) 0.9910 (±0.0066) 1.9470 (±0.9190) 
[0.0013] [0.1770] 
Circumferential 	Injury (N=2) 0.9910 (±0.0106) 1.0130 (±0.6280) 
[0.0075] [0.4440] 
Arthritic (N=10) 0.9907 (±0.0091) 0.6240 (±0.2510) 
[0.0029] [0.1110] 
Average (W- 12) 0.9906 (±0.0088) 0.6890 (±0.3990) 
[0.0026] [0.1150] 
Radial 	Injury (N=6) 	0.9928 	(±0.0028) 	0.3136 	(±0.1482) 
[0.0012] [0.0605] 
Arthritic (N=9) 	0.9905 	(±0.0116) 	0.4230 	(±0.4350) 
[0.0039] [0.1450] 
Average (N=15) 	0.9914 	(±0.0090) 	0.3791 	(±0.3449) 
[0.0023] [0.0890] 
Table 9.63 Correlation factor r and sample error S for the regression model parameters. 
A distinctive fit was observed for all the test samples regardless of the test orientation, 
meniscal pathology, location, meniscus, knee and gender of the patients. This ensured that 
the regression model could be used to accurately determine and analyse the mechanical 
properties and behavioural characteristics of the meniscus when subjected to pure shear 
loading. Throughout the statistical analysis of the regression model data, the experimental 
data were checked and the model data verified. 
The best correlation coefficient for the regression model and experimental data occurred in 
the radial orientation, however, there were no significant differences between the three 
orientations. Similarly the smallest sample error occurred in the radial orientation, 
significantly less than the axial, p<0.000 1, and the circumferential, p< 0 . 05 . Sample error in 
the axial orientation was significantly greater in the circumferential orientation, p<0.000 1. 
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There were no statistically significant differences in the values of correlation factor or 
sample error between the two tissue pathologies. 
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Orientation 
Meniscal tissue was subjected to pure shear loading in three distinct orthogonal planes, i.e. 
axial, circumferential and radial. Statistically significant different differences were found in 
the response of the material in all three orientations; i.e. the meniscus was found to be highly 
anisotropic under pure shear loading. 
Regression Model Parameters 
Parameter A of the non-linear regression model was greatest in the axial orientation, 
significantly greater than the values found in both the circumferential (p<0.0000) and radial 
(p<0.0000). The lowest value of A occurred in the radial plane, significantly less than that 
found in the circumferential orientation (p<O.00S), Table 9.64. Parameter B was greatest in 
the axial orientation, significantly greater than circumferential (P<O.OS) and radial (p<0.05) 
orientation, Table 9.64. The circumferential orientation provided the lowest value of B, but 
this was not statistically significantly less than that found in the radial. Boxplots of the 
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Figure 9.135 Parameters A and B; dependence upon orientation. 
Orientation A (±SD) B (±SD) 
[±SEM] [±SEM] 
Axial (N=27) 37.73 (±9.37) 58.50 (±55.10) 
[1.80] [10.60) 
Circumferential (N12) 16.09 (±4.90) 36.01 (±19.02) 
[1.41] [5.49] 
Radial (Nr15) 10.47 (±8.49) 47.20 (±80.10) 
[2.191 F20.701 
Table 9.64 Parameters A and B; dependence upon orientation 
Calculated AB was very highly significantly greater in the axial orientation compared to 
values determined in both the circumferential (p<0.0000) and radial (p<0.0000). The value 
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of AB in the radial orientation was lower than that of the circumferential plane, but not 
statistically significant. The greatest value of calculated AB  occurred in the axial plane, 
significantly greater than both the circumferential (p<0.005) and radial (p<0.0000) planes, 
with AB 2  in the circumferential plane significantly lower than that of the radial (p<0.05). 
Table 9.65 below details the exact values and standard deviations. 
	
Orientation 	 AB 	(±SD) 	AB2 	(±SD) 
[±SEM] [±SEM] 
Axial (N=27) 	1998 	(±1491) 	188697 	(±242160) 
[287] [65849] 
Circumferential (N=12) 	515 	(±225) 	21836 	(±17154) 
[65] [4652] 
Radial (N=15) 	334 	(±485) 	49307 	(±164923) 
[125] [4258] 
Table 9.65 Calculated AB and AB2 ; dependence upon orientation. 
The stress-strain behaviour of meniscal material when subject to pure shear loading is shown 
in the three test orientations, Figure 9.136. When subject to shear strain, the axially 
orientated menisci displayed the greatest shear strength, significantly greater than both the 
circumferential and radial planes. Under shear strains of 0 to 3 percent the circumferentially 
orientated menisci showed a similar shear strength to that of the radial. As strain increases 
the shear strength of circumferentially orientated material becomes significantly greater than 
that of the radial. 
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Figure 9.136 Stress-strain behaviour; dependence upon orientation. 
Material Properties 
Significant differences were found between the values of ultimate stress in all three test 
orientations. Ultimate shear stress was greatest in the axial orientation, significantly greater 
than both the circumferential (p<0.0000) and radial (p<0.0000) orientations. The lowest 
ultimate shear stress occurred in the radial orientation, significantly less than that found in 
the circumferential (p<0.0000). Ultimate shear strain was greatest in the axial orientation, 
significantly greater than that occurring in the radial orientation (p<O.OS) and was lowest in 
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the radial orientation, but not statistically significantly less than that found in the 
circumferential. Tangent shear modulus was very highly significantly greater in the axial 
orientation compared to both the circumferential (p<0.0000) and radial (p<0.0000). The 
radial orientation displayed the lowest tangent shear modulus, significantly less than that of 
the circumferential (p<0.005). 
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Figure 9.137 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus 
(MPa); dependence upon orientation. 
	
Orientation 	Ultimate 	(±SD) Ultimate 	(±SD) 	Tangent 	(±SD) 
Stress (MPa) [4SEMJ 	Strain [±SEMJ Modulus (MPa) [±SEMJ 
- 	Axial (N=26) 	37.300 (±9.830) 0.1039 	(±0.0348) 	 1315 	(±755) 
[1.890] 	 [0.0067] [145] 
Circumferential (N=12) 	14.253 	(±3.094) 0.0928 	(±0.0237) 	 420 	(±225) 
[0.827] 	 [0.0063] [60] 
Radial (N=16) 	 7.106 	(±3.695) 0.0863 	(±0.0396) 	 242 	(±325) 
[0.924] 	 [0.0099] [84] 
Table 9.66 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus 
(MPa); mean experimental values; dependence upon orientation. 
Offset yield stress was very highly significantly greater in the axial orientation compared to 
both the circumferential (p<0.0000) and radial (p<0.0000) orientations. Offset yield stress in 
the radial orientation was significantly lower than that found in the circumferential (p<0.05). 
No significant differences were found in the values of offset yield strain with values 
comparable in the axial and circumferential orientations, both lower than those in the radial 
orientation, Figure 9.138. 
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Figure 9.138 Offset yield stress (MPa) and offset yield strain; dependence upon orientation 
Orientation Offset Yield (±SD) Offset Yield - (±SD) 
Stress [±SEM] Strain [±SEM] 
Axial (N=27) 21.97 (±9.05) 0.0221 (±0.0103) 
[1.70] [0.0020] 
Circumferential (N=12) 6.89 (±2.94) 0.0210 (±0.0104) 
[0.85] [0.003] 
Radial (N=15) 4.22 (±2.83) 0.0319 (±0.0200) 
[0.76] ro.00531 
Table 9.67 Offset yield stress (MPa) and offset yield strain; dependence upon orientation 
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Pathology 
The menisci subjected to pure shear loading originated from two distinct pathological 
groups, trauma (injury) and osteoarticular disease. Significant differences in the mechanical 
properties and behavioural characteristics of the tissue response to pure shear loading were 
found between the two pathologies in all three test orientations. 
Regression Model Parameters 
No statistically significant differences were found in the regression model parameters A and 
B due to pathology. Parameter A had greater values in the axial and radial orientations of 
arthritic tissue, but was determined greater in the circumferential orientation of injured 
menisci. Similarly, parameter B was greater in arthritic menisci in the axial and radial 
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Figure 9.139 Regression model parameters A and B; dependence upon orientation and 
pathology. 
Orientation A 	(±SD) B 	(±SD) 
Axial (N=8) 34.310 	(±3.170) 44.300 	(±26.080) 
' 
[1.120] [9.220] 
Circumferential (N=2) 19.490 	(±1.191) 37.000 	(±19.500) 
[0.842] [13.800] 
Radial (N=6) 8.320 	(±3.790) 15.890 	(±6.100) 
[1.550] [2.490] 
Axial (N=18) 	39.170 	(±10.740) 64.400 	(±63.200) 
[2.460] [14.500] 
Circumferential (N=10) 	15.410 	(±5.100) 35.830 	(±20.000) 
[1.610] [6.320] 
Radial (N=9) 	11.900 	(±10.560) 68.100 	(±99.900) 
[3.520] [33.300] 
Table 9.68 Regression model parameters A and B; dependence upon orientation and pathology. 
In the radial orientation, calculated values AB and AB  were found to be significantly greater 
in the arthritic menisci compared to the injured (p<0.05) and also greater in the axial 
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orientation, but not statistically significant. In the circumferential orientation, both AB and 
AB' were greater in injured menisci when compared to the arthritic. 
Orientation AB 	(±SD) AB  (±SD) 
[SEM] 
Axial (N=8) 1544 	(±950) 89947 (±101645) 
[336] [35937] 
Circumferential (N=2) 709 	(±335) 29453 (±26195) 
[237] [18523] 
Radial (N=6) 131 	(±94) 2400 (±2844) 
[38] [1161] 
Axial (N=18) 	2189 	(±1652) 230276 	(±398659) 
[379] [91459] 
E 	Circumferential (N=10) 	477 	(±199) 20313 	(±16368) 
[63] [5176] 
Radial (N=9) 	469 	(±596) 80579 	(±211763) 
Fl 991 1705881 
Table 9.69 Calculated values of AB and AB2 ; dependence upon orientation and pathology 
The variation in stress-strain behaviour of menisci between the two different tissue 
pathologies when subject to pure shear loading in the three test orientations is shown in 
Figure 9.140. Arthritic menisci prepared in both the axial and radial orientations displayed 
greater shear strength than corresponding tissue from injured menisci through the full range 
of shear strains. However, in the circumferential tissue, injured menisci displayed greater 
shear strength compared to the arthritic throughout. 
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Figure 9.140 Stress-strain behaviour; dependence upon orientation and pathology. 
Material Properties 
In both the axial and radial orientation, arthritic menisci had a greater ultimate stress 
compared to the injured tissue, but not statistically significant. In the circumferential 
orientation, ultimate stress was significantly greater in the injured menisci (p<0.0005) 
compared to the arthritic, Figure 9.141. In all three orientations, ultimate strain was 
significantly greater in injured menisci, (p<0.05), Figure 9.141. Tangent shear modulus was 
greater in arthritic menisci in both the axial and radial orientations, significantly stiffer than 
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injured tissue in the axial orientation (p<0.05), with injured tissue having a greater tangent 
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Figure 9.141 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus 
(MPa); dependence upon orientation and pathology. 
	
Orientation 	Ultimate 	(±SD) 	Ultimate 	(±SD) 	Tangent 	(±SD) 
Stress [SEM] Strain [SEM] Modulus [SEM] 
(MPa) 	 (MPa)________ 
Axial (N=8) 	35.160 (±4.260) 	0.126 	(±0.027) 	959 	(±383) 
' 	Circumferential (N=2) 	19.269 	
[1.510] [0.010] [1351 
(±0.515) 	0.119 	(±0.008) 	511 	(±209) 
[0.364] [0.005] [148] 
Radial (N=5) 	6.500 	(±3.130) 	0.007 	(±0.039) 	103 	(±73) 
[1.280] [0.0161 [33] 
Axial (N19) 	38.200 	(±11.380) 	0.095 	(±0.034) 	1464 	(±829) 
o 	 [2.610] [0.008] [190] 
Circumferential (N=12) 	13.417 	(±2.440) 	0.088 	(±0.023) 	404 	(±232) 
[0.704] [0.0071 [67] 
Radial (N=10) 	7.470 	(±4.110) 	0.068 	(±0.028) 	312 	(±382) 
[1.300] [0.009] [121] 
Table 9.70 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus, G; 
dependence upon orientation and pathology. 
The offset yield stress was determined greater in arthritic menisci in both the axial and radial 
orientations, but not statistically significant, Figure 9.142 and Table 9.71. However, in the 
circumferential orientation, the offset yield stress was significantly greater in the arthritic 
menisci compared to the injured (p<0.05). In all three orientations, a greater value of offset 
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yield strain was found in injured menisci compared to the arthritic, but none were found to 
be statistically significant, Figure 9.142 and Table 9.71. 
Offset Yield Stress (MPa) 
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Figure 9.142 Offset yield stress (MPa) and offset yield strain; dependence upon orientation and 
pathology. 
Orientation Offset Yield (±SD) Offset Yield (±SD) 
_[].!rain [SEM] . 
Axial (N=8) 21.260 (±6.310) 0.0252 (±0.0040) 
[2.230] [0.0014] 
' Circumferential (N=2) 11.063 (±1.210) 0.2510 (±0.0071) 
[0.856] [0.0050] 
- Radial (N=5) 3.110 (±2.490) 0.0392 (±0.0229) 
[1.110] [0.0102] 
Axial (N=19) 	22.270 	(±10.120) 0.0208 	(±0.1191) 
[2.320] [0.0027] 
' 	 Circumferential (N=12) 	 6.061 	(±2.464) 0.0202 	(±0.0111) 
[0.760] [0.0035] 
Radial (N=10) 	 4.836 	(±2.948) 0.0279 	(±0.0183) 
[0.983] [0.0061] 
Table 9.71 Offset yield stress (MPa) and offset yield strain; dependence upon orientation and 
pathology. 
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Regional Variation 
Meniscal tissue was sectioned into three distinct regions, anterior, central and posterior for 
pure shear loading and statistically significant differences were found in the response of the 
material in all three regions, i.e. the meniscus was found to be inhomogeneous with respect 
to circumferential location, for both tissue pathologies. 
The results and statistical analysis appears limited in parts due to the nature of samples 
received for testing. No menisci were tested that originated from the anterior region of 
injured tissue in the axial or radial orientations, with only two tests performed on 
circumferentially orientated injured menisci. In the radial orientation, only one test was 
performed on menisci from the central region of arthritic menisci. 
Summary 
In the axially orientated tissue, parameter A was significantly lower in the posterior region of 
injured menisci than all other regions, p<0.05. A distinct decrease from a maximum in the 
anterior to a minimum in the posterior was displayed in the arthritic tissue. Parameter B in 
the injured menisci was lower in the posterior region compared to the central, with the 
central region displaying the largest value of B in the arthritic menisci, the lowest occurring 
in the anterior. Both ultimate shear stress and ultimate shear strain decreased posteriorly in 
both injured and arthritic menisci, with the posterior region showing a significantly lower 
tangent modulus than other regions in both tissue types. 
In the circumferentially orientated arthritic menisci, the posterior region displayed the 
greatest value of A with the anterior and central having similar values. Parameter B was 
found to decrease from a maximum in the anterior region to a minimum in the posterior 
region. The central and posterior regions displayed similar values of ultimate shear stress and 
ultimate shear strain, distinctly lower than that of the anterior. The posterior region was 
determined to have the lowest tissue stiffness, with the central region stiffest. 
In radially orientated menisci, parameters A and B were found to have similar values in all 
regions of the injured menisci, whilst in the arthritic menisci parameter A was lowest and 
parameter B greatest in the posterior. Ultimate shear stress and ultimate shear strain was 
found to be least in the posterior region of both injured and arthritic menisci. Tangent shear 
modulus was also lowest in the posterior region of injured menisci, but greatest in the 
posterior region of arthritic tissue. 
Axial 
No menisci were tested that originated from the anterior region of injured tissue. 
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Regression Model Parameters 
In both tissue pathologies, parameter A proved to be statistically significantly lower in the 
posterior compared to the other regions, (p<0.05). A distinct decrease in the value of 
parameter A can be seen in the arthritic tissue from a maximum in the anterior region to a 
minimum in the posterior, Figure 9.143. In injured menisci, parameter B was lower in the 
posterior region compared to the central, but not statistically significant. In arthritic menisci, 
the central region displayed the largest value of parameter B, with the lowest occurring in the 
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Figure 9.143 Regression model parameters A and B; regional variation in the axial orientation. 
Location 	 A (±SD) 	 B (±SD) 
A (N=O) 	 - - 	 - - 
C (N=5) 	36.246 (±1.633) 	55.900 (±27.200) 
[0.730] [12.100] 
P (N=3) 	31.090 (±2.220) 	24.920 (±1.704) 
[1.280] [0.984] 
A (N=5) 	43.400 	(±9.330) 43.100 	(±30.400) 
[4.170] [13.600] 
C (N=10) 	41.150 	(±10.150) 78.200 	(±81.600) 
[3.210] [25.800] 
P (N=4) 	28.950 	(±9.230) 56.700 	(±35.600) 
[4.620] 11 7.8001 
Table 9.72 Regression model parameters A and B; regional variation in the axial orientation. 
In both tissue pathologies, calculated AB was greatest in the central region, with the lowest 
value determined within the posterior region, Table 9.73. In the injured menisci, the value of 
AB was statistically significantly greater in the central region when compared to the 
posterior, (p<0.05), in the injured tissue. 
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A (N=O) 	 - - - 	 - 
C(N=5) 	2004 (±931) 132219 	(±110070) 
[416] [49225] 
- P(N=3) 	 777 (±109) 19494 	(±4137) 
[63] [2388] 
A(N=5) 	1932 	(±1317) 114888 	(±147646) 
U 	 [589] [66029] 
C (N=10) 	2573 	(±1979) 334678 	(±526239) 
[626] [166412] 
P(N=4) 	 1551 	(±1081) 113506 	(±130476) 
15411 1652351 
Table 9.73 Calculated values of AB and AB2 ; regional variation in the axial orientation. 
In injured menisci, the posterior region displayed significantly lower shear strength than the 
central at all strains, Figure 9.144. In the arthritic menisci, throughout the full range of shear 
strains, the posterior region displayed significantly lower shear strength than both the 
anterior and central regions, Figure 9.144. Subject to shear strains less than 7 percent, the 
central region of arthritic menisci displayed a greater shear strength than the anterior, but at 
strains greater than 7 percent, the anterior provides a greater shear strength than the central. 
The posterior regions of both injured and arthritic menisci have similar ultimate shear stress 
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Figure 9.144 Stress-strain behaviour; regional variation in the axial orientation. 
Material Properties 
In the axial orientation, the ultimate shear stress of both injured and arthritic menisci appears 
to decrease posteriorly, Figure 9.145. Ultimate shear stress in the posterior region of injured 
menisci was significantly less than that found in the central, p<0.05. In the arthritic tissue, 
the posterior region of the meniscus was significantly less stiff than the anterior, p<0.05, 
Figure 9.145. Ultimate shear strain decreased posteriorly in both the injured and arthritic 
tissue, but no statistical significance was established, Figure 9.145. 
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Figure 9.145 Ultimate shear stress and ultimate shear strain; regional variation in axial 
orientation. 
Location Ultimate (±SD) Ultimate (±SD) 
Stress (MPa) jJ Strain [SEMI 
A (N=O) - - - - 
C (N=5) 37.797 (±1.793) 0.1282 (±0.0243) 
[0.802] [0.0.109] 
— P(N=3) 30.770 (±3.310) 0.1218 (±0.0362) 
[1.910] [0.0209] 
A (N=5) 41.900 (±14.020) 0.0978 (±0.0171) 
o [6.270] [0.0076] 
C (N=10) 40.150 (±9.690) 0.0956 (±0.0436) 
[3.060] [0.0138] 
P (N=4) 28.700 (±8.820) 0.0887 (±0.0288) 
[4.4101 10.01441 
Table 9.74 Ultimate shear stress and ultimate shear strain; regional variation in the axial 
orientation. 
Tangent modulus in the posterior region of injured menisci was significantly less than that 
determined in the central section, p<0.05.  The arthritic menisci also displayed its lowest 
tissue stiffness in the posterior region, Figure 9.146, with the largest value of tangent shear 
modulus occurring in the anterior region and a comparable stiffness shown in the central 
region. 









Figure 9.146 Tangent shear modulus; regional variation in the axial orientation. 
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Offset yield stress in injured menisci was significantly less in the posterior region, compared 
to the central. In the arthritic tissue, offset yield stress was greatest in the central region with 
the posterior displaying the lowest value, but no statistically significant differences were 
determined. In both tissue pathologies, the largest values of offset yield strain were found in 
the posterior regions, with an increase in offset yield strain shown posteriorly. 
Location 	Tangent 	(±SD) 	Offset Yield 	(±SD) 	Offset 	(±SD) 
	
Modulus [SEMI Stress (MPa) [SEMI Yield (SEMI 
Strain 
A(N=O) 	 - 	- 	 - 	 - 	 - 	 - 
C(N=5) 1175 (±309) 24.510 (±5.870) 0.0230 (±0.0014) 
- 
(1381 [2.630] (0.0006] 
P(N=5) 599 (±109) 15.843 (±0.162) 0.0290 (±0.0043) 
[63] (0.093] (0.0025] 
A(N=5) 1521 (±820) 20.570 (±11.440) 0.0153 (±0.0068) 
[367] (5.120] [0.0030] 
C (N=10) 1584 (±912) 24.400 (±10.780) 0.0210 (±0.0104) 
(2881 [3.410] (0.0033] 
P(N=4) 1096 (±704) 19.100 (±7.620) 0.0274 (±0.0189) 
[352] (3.810] 10.00951 
Table 9.75 Tangent shear modulus (MPa), offset yield stress (MPa) and offset yield strain; 
regional variation in the axial orientation. 
Circumferential 
Regression Model Parameters 
Only two tests were performed on injured menisci in the circumferential orientation, one in 
each of the central and posterior region. In the arthritic menisci, the largest value of 
parameter A was determined in the posterior region, with the anterior and central regions 
having similarly lower values, Figure 9.147. However, parameter B in the arthritic tissue 
showed a distinct decrease in value from a maximum in the anterior region and a minimum 
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Figure 9.147 Regression model parameters A and B; regional variation in circumferential 
orientation. 
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Location 	 A 	 (±SD) 	 B 	 (±SD) 
(SEM] 
A(N=O) 	 - 	 - 	 - 	 - 
C (N=1) 	18.649 	 - 	50.721 
P(N=1) 	20.332 	 - 	23.186 
A (N=3) 	14.734 	(±1.680) 42.090 	(±12.080) 
a 	 [0.970] [6.980] 
C (N=4) 	14.960 	(±5.990) 37.600 	(±27.800) 
[2.990] [13.900] 
P (N=3) 	16.690 	(±7.550) 27.100 	(±17.800) 
[4.360] [10.300L 
Table 9.76 Regression model parameters A and B; regional variation in circumferential 
orientation. 
In the arthritic tissue, a distinct trend of both calculated values AB and AB   decreasing 
posteriorly from a maximum in the anterior region is noted, Table 9.77, but no statistical 
significance was determined. 
Location 	 AB 	 (±SD) 	 A& 	 (±SD) 
	
[SEMI [SEM] 
A (N=O) 	 - 	 - 	 - 	 - 
C (N=1) 	 945 	 - 	47976 
- 	 P(N=1) 	 471 	 - 	 11 
A(N=3) 	 614 	(±165) 27107 	(±15060) 
[95] [8695] 
C(N=4) 	 460 	(±220) 21538 	(±21790) 
[110] [10895] 
P(N=3) 	 364 	(±172) 11886 	(±9374) 
1100L [5412] 
Table 9.77 Calculated values of AB and AB 2; regional variation in the circumferential 
orientation. 
In the circumferentially orientated menisci, subject to shear strains of less than 7 percent, a 
clear decrease in shear strength can be seen posteriorly around the meniscus from a 
maximum in the anterior region to a minimum in the posterior. At strains greater than 7 
percent, the posterior region displays greater shear strength, with a decrease shown 
anteriorly. 
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Figure 9.148 Stress-strain behaviour; regional variation in the circumferential orientation. 
Material Properties 
Both ultimate stress and ultimate strain had their largest values in the anterior region of 
arthritic menisci, with the central and posterior regions displaying similar values, Figure 
9.149. No statistically significant differences were determined. 
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Figure 9.149 Ultimate shear stress (MPa) and ultimate shear strain; regional variation in the 
circumferential orientation. 
Location Ultimate (±SD) 	Ultimate 	 (±SD) 
Stress [SEMI Strain [SEMI 
(MPa) 
A (N=O) - - 	 - 	 - 
C(N=1) 19.633 - 	 0.1140 	 - 
- 	 P(N=1) 18.904 - 	 0.1246 	 - 
A(N=4) 	14.621 	(±1.846) 0.1007 	(±0.0171) 
[0.923] [0.0086] 
C (N=4) 	12.810 	(±2.950) 0.0805 	(±0.0202) 
[1.480] [0.0101] 
P (N=4) 	12.810 	(±2.610) 0.0840 	(±0.0292) 
[1.300] FOOl 461 
Table 9.78 Ultimate shear stress (MPa) and ultimate shear strain; regional variation in the 
circumferential orientation. 
In the arthritic menisci, tangent shear modulus was greatest in the central region, with the 
posterior region showing the least tissue stiffness, Figure 9.150. Offset yield stress was 
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greatest in the anterior region with its lowest value found to occur centrally. The lowest 
value of offset yield strain also occurred in the central region, with the largest determined in 
the posterior, Table 9.79. 
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Figure 9.150 Tangent shear modulus; regional variation in the circumferential orientation. 
Location Tangent (±SD) 	Offset Yield (±SD) 	Offset Yield 	(±SD) 
Modulus [SEMI Stress (MPa) [SEMI Strain [SEMI 
(MPa) 
A (N=O) - - - 	 - 	 - 
C(N=1) 659 - 	 11.919 - 	 0.0201 	 - 
- 	 P(N=1) 364 - 	 10.208 - 	 0.0301 	 - 
A (N=4) 	402 	(±194) 7.805 	(±1.659) 0.0198 	(±0.0086) 
[97] [0.958] [0.0050] 
C (N=4) 	527 	(±337) 4.830 	(±2.080) 0.0180 	(±0.0154) 
[169] [1.040] [0.0077] 
P (N=4) 	285 	(±86) 5.960 	(±3.030) 0.0235 	(±0.0097) 
[43] [1.750] 10.00561 
Table 9.79 Tangent shear modulus (MPa), offset yield stress (MPa) and yield strain; regional 
variation in the circumferential orientation. 
Radial 
No tests were performed on the anterior region of injured menisci and only one tests was 
performed on arthritic menisci from the central region, limiting the effect of regional 
variation analysis in the radial orientation. 
Regression Model Parameters 
In the injured menisci, no significant differences were found between parameters A and B, 
with values of A similar in both the central and posterior regions and a larger value of B 
found in the central region compared to the posterior, Figure 9.151. In arthritic menisci, the 
greatest value of parameter A was determined in the central (N=1) region, with the lowest 
found in the posterior. Parameter B was found to have its greatest value in the posterior 
region, with the anterior and central (N=1) regions displaying similar values, Figure 9.151. 
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Figure 9.151 Regression model parameters A and B; regional variation in the radial orientation. 
Location A (±SD) B (±SD) 
J] .. iL 
A (N=O) - - - - 
C (N=4) 8.390 (±4.770) 16.980 (±7.520) 
[2.380] [3.760] 
- P(N=2) 8.180 (±1.880) 13.714 (±1.342) 
[1.330] [0.949] 
A (N=5) 13.880 (±13.220) 35.600 (±34.500) 
U [5.960] [15.400] 
C(N=1) 19.607 - 36.482 - 
P (N=3) 6.039 (±0.401) 132.900 (±167.600) 
______ [0.231] [96.7001 
Table 9.80 Regression model parameters A and B; regional variation in the radial orientation. 
In arthritic menisci, both calculated values of AB and AB  had their greatest values in the 
posterior region, decreasing in value through the central region to a minimum in the anterior, 
Table 9.81. 
Location AB (±SD) A& (±SD) 
[SEM 1 . 
A (N=O) - - - - 
C (N=4) 142 (±120) 2844 (±3563) 
(60] [1781] 
P(N=2) 111 (±15) 1511 (±55) 
[11] [39] 
A (N=5) 220 (±82) 6986 (±4742) 
[37] [2121] 
C(N=1) 715 - 26096 - 
P (N=3) 803 (±1027) 221396 (±366826) 
[593] [2117871 
Table 9.81 Calculated values of AB and AB2 ; regional variation in the radial orientation. 
In the radial orientation, the posterior region of both tissue pathologies displayed lower shear 
strength than other regions. 
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Figure 9.152 Stress-strain behaviour; regional variation in the radial orientation. 
Material Properties 
In the injured menisci, ultimate shear stress and ultimate shear strain were determined 
greater in the central region compared to the posterior. Both ultimate shear stress and 
ultimate shear strain had similar values in the anterior and posterior region of arthritic 
menisci, Figure 9.153 and Table 9.82. 
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Figure 9.153 Ultimate shear stress and ultimate shear strain; regional variation in the radial 
orientation. 
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Location Ultimate (±SD) Ultimate (±SD) 
Stress(MPa) [SEMI Strain [SEMI 
A (N=O) - - - - 
C (N=4) 6.820 (±3.970) 0.1281 (±0.0447) 
[1.990] [0.0022] 
- P (N=2) 5.865 (±0.643) 0.0956 (±0.0035) 
[0.454] [0.0025] 
A (N=6) 6.860 (±4.090) 0.0709 (±0.0313) 
[1.670] [0.0128] 
C(N=1) 15.145 - 0.0392 - 
P(N=3) 6.119 (±1.041) 0.0708 (±0.0231) 
[0.601] [0.01331 
Table 9.82 Ultimate stress and ultimate strain; regional variation in the radial orientation. 
Tangent modulus was found to be greater in the central region of injured menisci, but 
significantly greater in the posterior region of arthritic menisci compared to the anterior, 
Figure 9.154. 
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Figure 9.154 Tangent shear modulus; regional variation in the radial orientation. 
Location 	 Tangent (±SD) Offset Yield (±SD) Offset Yield (±SD) 
Modulus (MPa) [SEMI Stress (MPa) 
- 
Strain [SEMI 
A(N=O) 	 - - - - - - 
C(N=3) 	 113 (±101) 2.820 (±3.310) 0.0378 (±0.0305) 
[58] [1.910] [0.0176] 
- P(N=2) 	 89 (±4) 3.550 (±1.490) 0.0414 (±0.0148) 
[3] [1.050] [0.0105] 
A(N=5) 	 155 (±79) 4.320 (±2.197) 0.0365 (±0.0204) 
[32] [0.983] [0.0091] 
C(N=1) 	 531 - 11.121 - 0.0230 - 
P(N=3) 	 553 (±674) 3.602 (±1.553) 0.0152 (±0.0084) 
[389] [0.897] [0.0048] 
Table 9.83 Tangent modulus (MPa), offset yield stress and offset yield strain; regional variation 
in the radial orientation. 
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Meniscal Pair Variation 
Menisci procured for this study came from both the medial and lateral compartments of the 
knee joint cavity. The variation in the behavioural characteristics and mechanical properties 
of meniscal tissue due to tissue originating from either the medial or lateral was investigated 
under pure shear loading and significant differences determined. 
Due to the limited nature of the comparison of medial and lateral tissue within the three 
regions due to lack of test samples, an initial comparison was performed neglecting to split 
the experimental results into their three distinct regions. Therefore, considering the test 
samples split into their respective pathological and orientation groups only. A comparison of 
medial and lateral menisci was made within both the axially and circumferentially orientated 
arthritic tissue, with no other comparison possible due to a lack of test data. Variations 
occurring within the three different regions of the meniscus were then determined where 
possible, highlighting variations caused by the meniscus originating from the medial or 
lateral within specific regions of the meniscus. This was only possible in the anterior and 
central regions of axially orientated arthritic tissue. 
Seven samples of injured meniscal tissue were available for shear testing, all medial menisci. 
Eleven samples of arthritic tissue were available for testing, with five medial and six lateral 
menisci. Detailed tables of data concerning the regression model parameters and material 
properties within specific regions of the meniscus are provided in Appendix E. 
Summary 
No data were available on medial and lateral variations within injured menisci or within the 
radially orientated arthritic tissue samples. In both the axially and circumferentially 
orientated arthritic menisci, the same patterns of variation between medial and lateral tissue 
were noted in both the regression model parameters and the material properties. Parameter A 
was found to be greater in the medial menisci (significant in the axial orientation atp<0.0I), 
with parameter B and calculated values of AB and AB  greater in the lateral. Ultimate shear 
stress and ultimate shear strain were both found to have greater values in medial tissue 
compared to that of the lateral (significant in the axial orientation, p< 0 .05), with tangent 
modulus greater in the lateral. Offset yield stress and offset yield strain were both greater in 
the medial menisci compared to the lateral, but not statistically significant. 
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Axial 
No data were available on medial and lateral variations within axially orientated injured 
menisci. Nineteen shear tests were performed on axially orientated arthritic menisci, with 
seven performed on medial menisci and twelve on tissue from the lateral. 
Regression Model Parameters 
In the axially orientated arthritic menisci, parameter A was significantly greater in the medial 
samples, compared to lateral, p<0.01, whilst parameter B and calculated values of AR and 
AB  were greater in the lateral, but not statistically significant. This same pattern of meniscal 
variation in the regression model parameters was found in the analysis of both the anterior 
and central region specific samples. 
At shear strains up to 3 percent the lateral menisci displayed greater shear strength than the 
medial, but at strains greater than 3 percent, the medial menisci displayed significantly 
greater shear strength than the lateral, Figure 9.155. 
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Figure 9.155 Stress-strain behaviour of arthritic menisci in the axial orientation; meniscal 
variation. 
Material Properties 
Significantly greater ultimate shear stress and ultimate shear strain were found in the medial 
menisci of arthritic tissue, p<O.OS,  compared to that of the lateral, Figure 9.156, with larger 
values of offset yield stress and offset yield strain also occurring in the medial. However, a 
greater tangent modulus was determined in the lateral menisci, but not found to be 
statistically significant. 
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Figure 9.156 Ultimate stress and ultimate strain of arthritic menisci in the axial orientation; 
meniscus variation. 
Circumferential 
No data were available concerning medial and lateral variations within circumferentially 
orientated injured menisci. Twelve shear tests were performed on circumferentially 
orientated arthritic menisci, with five from medial tissue and seven from lateral. 
Regression Model Parameters 
In the circumferentially orientated arthritic menisci, parameter A was found to be greater in 
medial menisci compared to the lateral, with parameter B and calculated values of AB and 
AB 2 determined to be greater in the lateral menisci. No statistically significant differences 
were determined. 
At strains less than 5 percent, the lateral menisci displayed greater shear strength than medial 
menisci for corresponding strains. However, at strains greater than 5 percent, the medial 
menisci displayed greater shear strength than the lateral, Figure 9.157. 
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Figure 9.157 Stress-strain behaviour of arthritic menisci in the circumferential orientation; 
meniscal variation. 
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Material Properties 
Ultimate stress, ultimate strain, yield stress and yield strain were all found to be greater in 
the medial menisci, compared to the lateral, with a greater tangent modulus determined in 
the lateral. No statistically significant differences were determined. 
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Figure 9.158 Ultimate stress and ultimate strain in arthritic menisci in the circumferential 
orientation; meniscus variation. 
Radial 
No data were available to enable a comparison of medial and lateral tissue in the radial 
orientation of either injured or arthritic menisci. Six radial tests were performed on injured 
menisci, all medial, whilst all ten of the arthritic menisci samples tested under shear 
originated from the lateral menisci. 
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Knee Variations 
Menisci procured for this study came from both the right and left knees of patients. The 
variations in behavioural characteristics and mechanical properties of meniscal tissue due to 
the menisci originating from either the right or left knee was determined under pure shear 
loading and significant differences determined. 
Due to the limited nature of test samples, variations within each of the three test orientations 
were investigated, along with differences within the three distinct regions were sufficient 
data permitted. A comparison of the right and left tissue was made within the axially and 
radially orientated injured menisci and axially and circumferentially orientated arthritic 
meniscal samples. No other comparisons were possible due to a lack of test data in the 
circumferential ly orientated injured menisci and radially orientated arthritic tissue. 
Variations occurring within the three different regions of the meniscus could only be 
determined in the anterior region of axially orientated arthritic menisci. 
Seven samples of injured meniscal tissue were available for shear testing, four from the right 
knee and three samples from the left knee of patients. Eleven samples of arthritic menisci 
were available for testing, nine from the right knee and two from the left. Detailed tables of 
data concerning the regression model parameters and material properties of specific regions 
of the meniscus are provided in Appendix E. 
Summary 
No data were available on right and left knee variations within circumferentially orientated 
injured menisci or radially orientated arthritic tissue. In the axially orientated menisci, the 
regression model parameters were greater in the right knee of injured menisci and the left 
knee of arthritic. Subsequently, right knee menisci displayed greater shear strength in the 
injured knee and left knee menisci showed a greater shear stress in the arthritic knee. 
Ultimate stress and tangent modulus were significantly greater in the right knee of injured 
menisci and the left knee of arthritic. In both injured and arthritic knees, ultimate shear strain 
was greater in meniscal tissue originating from the left knee. In circumferentially orientated 
arthritic menisci, parameter A was greater in the right knee, whilst B, AB and AB 2 were 
greater in the left knee. Right knee menisci had greater shear strength and ultimate shear 
stress than that of the left, with ultimate shear strain and tangent shear modulus greater in 
menisci originating from the left knee. In radially orientated injured menisci, left knee 
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menisci provided greater values of all regression model parameters and displayed greater 
shear strength at all strains, compared to right knee menisci. Ultimate shear stress and 
tangent shear modulus were greater in left knee menisci with ultimate shear strain greater in 
right knee menisci. 
Axial 
In the axial orientation, four of the eight tests on injured menisci were performed on menisci 
from the right knee, with fifteen of the nineteen arthritic test samples originating from the 
right knee. 
Regression Model Parameters 
In the axially orientated injured menisci, both parameters A and B and calculated values of 
AB and AB  had greater values in right knee menisci compared to the left, with parameter A 
statistically significantly greater, p<0.05. However, in the axially orientated arthritic menisci, 
both parameters A and B and calculated values of AB and AB  were greater in left knee 
tissue, but no statistical significance was determined. 
Comparisons were also possible within the anterior specific region of arthritic menisci and 
the left knee was found to provide greater values of both regression model parameters and 
calculated values. 
In the injured meniscal tissue, material from the right knee displayed greater shear strength at 
all shear strains compared to that of the left knee, Figure 9.159. The left knee menisci from 
arthritic knees displayed greater shear stress at all shear strains compared to the right knee 
menisci, Figure 9.160. 
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Figure 9.159 Stress-strain behaviour of injured menisci in the axial orientation; knee variation. 
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Figure 9.160 Stress-strain behaviour of arthritic menisci in the axial orientation; knee variation. 
Material Properties 
A significantly greater ultimate shear stress was found in the right knee tissue of injured 
menisci, p<0.05, Figure 9.161, whereas left knee menisci had a greater ultimate stress than 
the right in arthritic tissue, Figure 9.162. In both injured and arthritic meniscal tissue, a larger 
value of ultimate strain was found in the left knee, but neither was found to be statistically 
significant. 
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Figure 9.161 Ultimate stress and ultimate strain in injured menisci; knee variation in the axial 
orientation. 
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Figure 9.162 Ultimate stress and ultimate strain in arthritic menisci; knee variation in the axial 
orientation. 
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Tangent modulus was found to be greater in the right knee of injured menisci, whilst 
significantly greater in the left knee of arthritic menisci, p<0.05, Figure 9.163. 
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Figure 9.163 Tangent modulus in injured and arthritic menisci; knee variation in the axial 
orientation. 
Yield stress was found to be greater in the right knee of injured tissue, but greater in the left 
knee of arthritic tissue, with yield strain greater in the left knee of injured tissue and greater 
in the right knee of arthritic tissue. 
Within the anterior specific region of arthritic menisci, the tissue displayed the same 
variations as found throughout the arthritic tissue. 
Circumferential 
No data were available concerning right and left knee variations within circumferentially 
orientated injured menisci. Twelve shear tests were performed on circumferentially 
orientated arthritic menisci, with ten from right knee tissue and two from the left knee. 
Regression Model Parameters 
In circumferentially orientated arthritic menisci, parameter A was greater in right knee 
menisci compared to the left, with parameter B and calculated values of AB and AB  
determined to be greater in menisci originating from the left knee. No statistically significant 
differences were determined. 
Over the full range of shear strain, right knee menisci can be seen in Figure 9.164 to have 
greater shear strength compared to that from the left knee. 
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Figure 9.164 Stress-strain behaviour of arthritic menisci; knee variation in the circumferential 
orientation. 
Material Properties 
Ultimate shear stress was determined to be greater in menisci from the right knee in 
circumferentially orientated arthritic tissue, Figure 9.165, with ultimate shear strain, tangent 
shear modulus and offset yield stress all having greater values in left knee menisci. Offset 














Figure 9.165 Ultimate shear stress and ultimate shear strain in arthritic menisci; knee variation 
in the circumferential orientation. 
Radial 
No data were available to enable a comparison of right and left knee menisci in the radial 
orientation of arthritic tissue. Six shear tests were performed on radially orientated injured 
menisci, with three tests each performed on tissue from the right and left knee. 
Regression Model Parameters 
In radially orientated injured meniscal tissue, left knee menisci provided greater values of 
both parameters A and B and calculated values of AB and AB 2 , compared to those determined 
in the right knee. No statistically significant differences were determined. 
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At all shear strains, left knee menisci had greater shear strength than material from the right 
knee, Figure 9.166. 
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Figure 9.166 Stress-strain behaviour of injured menisci; knee variation in the radial orientation 
Material Properties 
Ultimate shear stress and offset yield stress were found to have greater values in menisci 
from the left knee, with right knee menisci providing greater values of ultimate shear strain 
and offset yield strain. Tangent shear modulus was greater in left knee menisci. No 
statistically significant differences were determined. 







Figure 9.167 Ultimate stress and ultimate strain in injured menisci; knee variation in the radial 
orientation. 






9.0 The Meniscus under Shear 
Gender Variations 
Menisci procured for this study came from both male and female patients. The variation in 
behavioural characteristics and mechanical properties of meniscal tissue due to the menisci 
originating from male or female patients was determined under pure shear loading and 
significant differences noted. 
Due to a lack of test samples a comparison of male and female menisci was only possible 
within the axially orientated arthritic tissue. Of the sixteen tests on injured tissue, all eight in 
the axial orientation, both of the tests in the circumferential plane and all six of the radial 
tests were from male patients. In the arthritic tissue, ten of the twelve circumferential and 
nine of the ten radial tests were on male menisci. 
In the axially orientated arthritic menisci, fifteen of the nineteen shear tests were performed 
on male menisci. Parameter A and calculated AB had greater values in the female menisci, 
with parameter B and calculated AB 2 having greater values in the male menisci compared to 
the female tissue samples. 
At all shear strains, female menisci displayed greater shear strength compared to male 
menisci, Figure 9.168. 
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Figure 9.168 Stress-strain behaviour of arthritic menisci; gender variation in the axial 
orientation. 
Ultimate shear stress, ultimate shear strain, tangent shear modulus and offset yield stress all 
had greater values in the female samples of menisci compared to the male, with ultimate 
strain significantly greater, p<0.05,  Figure 9.169. Offset yield strain was found to be greater 
in the male menisci. 
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Figure 9.169 Ultimate stress and ultimate strain in arthritic menisci; gender variation in the 
axial orientation. 
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Age 
The effect of age on the regression model parameters A and B, calculated values of AB and 
AB 2 , ultimate shear stress, ultimate shear strain, tangent modulus, offset yield stress and 
offset yield strain was investigated, using regression and trend analysis techniques. The age 
ranges of the two tissue pathology groups meant that in general, the injured samples 
provided information regarding the lower ages, age range of samples 17-35 years, the mean 
25 years, and the arthritic tissue provided details concerning the higher ages, range 60-84 
years, mean 72 years. Figure 9.170 displays a dotplot showing the age range of patients 
within the two pathologies. 
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Figure 9.170 Age range of the patients in the two pathology groups; shear testing. 
Axial 
Regression Model Parameters 
Regression model parameters A and B and calculated values of AB and AB 2 all tended to 
increase in value with increasing age across the whole range of samples, but no significant 
linear trends were established. Similar trends to increase in value with increasing age were 
determined in the injury and arthritic specific samples, with parameter A displaying a 
significant linear increase with increasing age in the arthritic samples, p<O.OS. 
Material Properties 
Ultimate shear stress showed a trend to increase with increasing age across the range of 
samples and within the injury specific tissue group, but displayed a significant decrease with 
increasing age in the arthritic tissue, p<0.05, Figure 9.171. Ultimate shear strain was shown 
to significantly decrease with increasing age across the whole age range of samples, 
p<O.00S, and within the arthritic samples, p0.005, whilst displaying a non-significant linear 
increase with advancing age in the injured samples, Figure 9.171. Tangent modulus 
significantly increased with increasing age across the samples, p<0.05, and across the injury 
and arthritic specific samples, Figure 9.171. Offset yield stress showed a decrease with 
increasing age across the full age range and within the arthritic samples, but an increase in 
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the lower age range, whilst offset yield strain was seen to decrease with increasing age in all 
three age ranges. 
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Figure 9.171 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus 
(MPa); trends with age in the axial orientation. 
Circumferential 
No analysis was possible in the circumferentially orientated injured tissue due to a lack of 
test data., 
Regression Model Parameters 
In the circumferentially orientated arthritic tissue, significant linear trends were determined 
for both the regression model parameters and calculated values of AB and AB 2 . Parameter A 
displayed a significant linear decrease in value with increasing age, p<0.0 1, whilst parameter 
B and calculated values of AB and AB  were all seen to increase linearly with increasing age, 
p<0 . 05 . 
Material Properties 
No significant linear trends were determined in the circumferentially orientated arthritic 
menisci. Ultimate shear stress and offset yield strain tended to decrease with increasing age, 
whilst ultimate shear strain, tangent modulus and offset yield stress all increased, Figure 
9.172. 
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Figure 9.172 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus 
(MPa); trends in age in the circumferential orientation. 
Radial 
Regression Model Parameters 
Across the full age range of test samples and within the arthritic specific samples, parameters 
A and B and calculated values of AB and AB 2  were all noted to increase with increasing age, 
but no significant linear trend was established. In the injured specific tissue, both parameters 
and calculated values were all found to tend to decrease with increasing age, though no 
significant trend was established. 
Material Properties 
Both ultimate shear stress and tangent modulus increased with increasing age across the full 
range of samples and across the arthritic samples, but showed a significant linear decrease 
with increasing age across the injured samples, p<0.05, Figure 9.173. Ultimate shear strain 
significantly decreased with increasing age across the full range of samples, p<0.05, and 
within the arthritic specific samples, but significantly increased in value in the injured tissue, 
p<0.05, Figure 9.173. Offset yield stress increased in value across the full range of samples 
and the arthritic specific samples, but decreased in the injured menisci, though no significant 
linear trend was established. Offset yield strain decreased across the whole range of meniscal 
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samples, whilst displaying non-significant linear trends to increase within both the injured 
and arthritic specific samples. 
All: 6.490.0IO2(Age) 	 AJL 0.1330.000766'(Age) 
injury: 17.1-0.442(Age) injury: -0.000I0.00489(Age) 
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Figure 9.173 Ultimate shear stress (MPa), ultimate shear strain and tangent shear modulus 
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9.2 Discussion 
This section was aimed at the determination of the shear stress-strain characteristics and 
material properties of the human knee joint menisci. Test specimens orientated axially, 
circumferentially and radially relative to the tibial plateau and gross geometry of the 
meniscus were prepared from different regions and locations and tested under conditions of 
pure shear developed through uniaxial torsion. Menisci came from two distinct pathological 
groups, trauma/injury and osteoarticular disease, and from both compartments of the knee 
(medial and lateral menisci), both knees (right and left) and from patients of both genders. 
Non-linear regression analysis was performed to curve fit the stress-strain relation for each 
specimen to an appropriate mathematical model. The necessary parameters to define this 
relation were found. The material properties of ultimate shear stress, ultimate shear strain, 
tangent shear modulus, offset yield stress and offset yield strain were determined. 
When a section of meniscus is subject to pure shear loading conditions, the stress-strain 
behaviour is non-linear. Figure 9.174 shows a schematic representation of the stress-strain 
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Figure 9.174 Typical stress-strain curve for knee meniscus in pure shear through uniaxial 
torsion. 
The relationship is characterised by three distinct sections. The initial region of the stress-
strain curve is a region of high modulus and corresponds to the initial resistance of the 
specimens to shear, provided by the fibres resisting movement through the collagen-
proteoglycan interactions. Equilibrium stress-strain relationships from shear stress-relaxation 
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tests performed on bovine tissue have reported this region as linear for shear strains up to 
0.03 rads [Anderson et a!, 1990]. As strain increases, the modulus decreases and becomes 
more significantly non-linear, due to the straightening of the coiled collagen structure or 
crimp. As more and more of the slack fibres are straightened and stretched in tension, the 
number of fibres resisting the shear load increases, i.e. fibre recruitment, resulting in an 
increased shear strength, but decreased tissue stiffness due to their rotation and elongation 
within the matrix. The stress-strain curve latterly corresponds to the fibres being stretched in 
tension and the asymptote tends to the value of ultimate shear stress. 
The experimentally obtained stress-strain data were fitted to a non-linear exponential model 
[Equation 9] derived from Fung's exponential model for biological tissue, [Equation 6]. This 
was used to accurately describe the non-linear stress-strain data generated through shear 
testing (r=0.991 (±0.008 SD) and S=1.232 (±1.006 MPa SD)). The non-linear model was 
defined as: 
= A(1 - e  -By )  [Equation 9] 
As y—+ø, e— 1, hence, t—>0. 
As y—*, e-0, hence t—*A. 
Parameter A denotes the asymptote of the model as y—+oo and represents the ultimate shear 
stress of the specimen. Parameter B represents the initial response of the tissue to shear 
loading, with a greater value of parameter B denoting greater shear strength and stiffness. At 
small strains, as B increases, e 1  tends to decrease, therefore, shear stress, t, tends to 
increase. 
The human knee joint meniscus was found to be highly anisotropic. Shear anisotropy has 
been reported for bovine meniscus [Anderson et a!, 1990, Chern et a!, 1990, Zhu et a!, 1994] 
and has been seen to be dominated by collagen ultrastructure, i.e. collagen fibre orientation. 
Highly statistically significant differences were determined in the stress-strain response of 
human meniscus between all three orientations in this study. Axially orientated samples 
displayed significantly greater shear strength, ultimate shear stress, ultimate shear strain, 
tangent modulus and offset yield stress compared to the circumferential and radial 
specimens, with the radial displaying the least. Figure 9.175 displays the major collagen 
structure of each of the three test orientations. 
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Figure 9.175 Collagen ultrastructure of the three shear test specimens. 
The three specimens each have a distinct ultrastructural morphology. The axial specimen has 
its predominant circumferential fibres along the axis of the cylinder. The circumferential 
specimen has its circumferential fibre bundles in the plane of the cylinder and has radial tie-
fibres running perpendicular to the plane, whilst the radial specimen has its circumferential 
fibre bundles in the plane of the cylinder and its radial tie-fibres running parallel to the plane 
of the cylinder. The significantly greater shear strength determined for the axial specimens is 
accounted for by the collagen ultrastructure of the specimen. When the axial specimen is 
sheared, its large circumferential collagen fibre bundles are stretched in tension, Figure 
9.176. These fibres can resist tension and store elastic energy effectively, thus providing 
stiffness in shear. As the circumferential and radial specimens are sheared, adjacent layers of 
circumferential fibre bundles are sheared relative to each other. In this case, the smaller and 
sparser radial tie-fibres, which are weaker than the circumferential bundles, play an 
important role in sustaining shear loading [Skaggs and Mow, 1990, Zhu et a!, 1994]. At very 
low shear strains of less than 3 percent, the shear strength of the circumferential and radial 
specimens was similar, but with increasing strain, the strength of circumferential tissue 
becomes significantly greater, Figure 9.176. This is due to the radial tie fibres not being able 
to accept loading at such low strains, due to the collagen crimp. Therefore, the resistance to 
movement of the circumferential fibre bundles is due to the resistance of the ground matrix 
substance. This provides both the radial and circumferential specimens with similar shear 
strength and stress-strain behaviours at these low strains. As shear strain increases the 
positioning of the radial tie-fibres in the circumferential (parallel to the plane) provides an 
explanation for the greater shear strength displayed by the specimen, in comparison to the 
radial specimens (radial tie-fibres perpendicular to the plane). This is confirmed by the 
greater value of offset yield strain determined in the radial orientation, highlighting the lack 
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of effectiveness of the radial tie-fibres to accept tensile loads compared to the axial and 
circumferential orientations. 
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Figure 9.176 Shear loading mechanism of the three test orientations. 
Axial orientation: Circumferential fibre bundles stretched in tension. Fibres resist tension and store 
elastic energy effectively, providing strength and stiffness in shear. Circumferential orientation: 
Radial tie-fibres appear longitudinally across the specimen. Circumferential fibre bundles slide over 
each other under shear, but radial tie-fibres stretch to provide additional strength and stiffness. Radial 
orientation: Radial tie-fibres appear perpendicular to specimen cross-section. Circumferential fibres 
bundles slide over each other under shear, radial tie-fibres provides limited additional strength and 
stiffness. 
In relative terms the circumferential and radial specimens display only 32 percent and 21 
percent, respectively, of the shear strength of the axial, at 5 percent strain, and only 32 
percent and 18 percent respectively of the tangent modulus. Previous studies concerning 
bovine meniscus have found the tissue to be 30 percent stiffer when the plane of shear 
transverses the circumferential fibre bundles [Anderson et a!, 1991, Mow et a!, 1992]. This 
highlights both the structural importance of the radial tie-fibres, and their orientation, and 
also the necessity of testing fresh human tissue if accurate reports of test data are to be 
presented. Previous studies have shown the bovine meniscus to be compression dependent, 
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when using disc-shaped test specimens as oppose to the cylindrical-shaped specimens in this 
study. With increasing compressive strain, the circumferential fibre bundles of the axial 
specimens will slacken, becoming less effective in resisting the tensile stresses resulting 
from shearing [Zhu et a!, 1994]. With compression, the radial tie-fibres in the 
circumferential specimens will slacken and in the radial specimens stretch. The compression 
dependent shear properties of the meniscus will directly affect its performance in vivo. 
However, the tests in this study have provided a true reflection of the structural anisotropy of 
the meniscus, which can be confidently and accurately compared to the compressive and 
tensile tests of this study in any context and in particular to the future computer modelling 
and simulation of the meniscus. 
The pathology of the meniscus was found to be a significant factor in the stress-strain 
response and mechanical properties of meniscal tissue when subjected to pure shear loading. 
Arthritic menisci displayed a greater shear strength in both the axial and radial specimens 
compared to injured menisci over the full range of shear strains, whilst in the circumferential 
orientation, injured menisci had a greater shear strength compared to arthritic tissue. 
Similarly, the axial and radial orientations of arthritic menisci displayed significantly greater 
values of ultimate shear stress and tangent modulus, whilst offset yield stress was determined 
to be greater in the arthritic menisci but not statistically significant. The injured menisci 
displaying greater values in the circumferential orientation. The characteristic stress-strain 
behaviour as previously described was maintained in the axial orientation. However, in 
arthritic menisci at strains less than 3 percent, the radial orientation appeared stronger than 
the circumferential, though this was not determined to be statistically significant. There was 
significant difference between the shear stress-strain behaviour of the circumferential and 
radial orientation between the two pathologies, with the circumferential orientation 10 
percent stronger in comparison to the radial in the arthritic tissue, yet approximately 300 
percent stronger in injured menisci, at strains of 5 percent. 
As has been determined in both the compressive and tensile tests completed in this study, the 
axial and radial orientations appear to display more pronounced effects of arthritis. In the 
axial orientation, the increased number of cross-links that have been shown to occur with 
advancing age [Bjorksten, 1962, Ghosh and Taylor, 1987] and the increased stiffness due to 
the effects of arthritis cause the increased shear strength and stiffness in the arthritic menisci 
compared to injured. In the radial orientation, the arthritic menisci appears immediately 
significantly stronger and stiffer in comparison to the injured, This must be a combined 
effect of an increased number of collagen cross-links, but more importantly a shortening of 
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the collagen crimp in each of the fibres. With a higher number of cross-links available to 
bear tensile load and the shortened crimp structure meaning the fibres accept load at 
significantly lower shear strains, or even immediately, the arthritic samples provide a greater 
strength and stiffness to shear loads compared to injured menisci. However, the loading 
mechanism of the radially orientated menisci and the significantly increased strength and 
stiffness of the menisci leads to another explanation for this noteworthy finding. The 
observation that the radial orientation of arthritic menisci is able to maintain a comparable 
strength and stiffness compared to both the injured and arthritic suggests that the additional 
cross-links added through ageing and OA have been added obliquely to the existing radial 
tie-fibres. Figure 9.175 displays the structure of the major circumferential fibre bundles and 
radial tie-fibres in the test specimens. The author proposes that in addition to the radial tie-
fibres present in the radial orientation (running parallel to the cylindrical plane) the 
additional oblique cross-links have been orientated in such a way as to resemble those of the 
circumferential specimens (i.e. cross-links running perpendicular to the cylindrical plane). 
This explains the increase in shear strength and stiffness providing the radially orientated 
arthritic menisci with similar properties to the circumferentially orientated specimens. In the 
circumferential orientation, injured menisci proved stronger and stiffer than the arthritic 
menisci. This is a significant result. This is due to shortening of the toe-region, meaning that 
the radial tie-fibres, which are arranged perpendicular to the cylindrical plane, reach their 
ultimate failure stress and strain before the equivalent fibres in the injured tissue. In both the 
compressive and tensile tests, the process of fibre recruitment has been predominant in the 
loading and subsequent failure mechanism of circumferential orientation. However, in these 
shear tests, due to the specimen and collagen fibre orientation and their relative motion 
during shear loading, fibre recruitment has a limited effect. Therefore, the brittle nature of 
arthritic collagen is exposed, combined with the reduced elastic effect of the collagen crimp, 
causing the arthritic circumferential specimen to have lower shear strength, stiffness and 
ultimate shear stress compared to the injured. Additional cross-links due to arthritis and 
ageing will have a very limited (or nil) effect on the shear strength of the specimen, as will 
the addition of cross-links parallel to the cylindrical specimen plane, in a manner similar to 
that described for the radial specimens, since they have a limited effect on increasing 
strength and stiffness in shear. 
In all orientations, ultimate strain and offset yield strain were greater in the injured tissue. 
This is a clear indication of the collagen crimp reduction in arthritic tissue, affecting all 
collagen, i.e. circumferential fibre bundles and radial tie-fibres/cross-links, causing a 
reduction in ultimate shear strain in all three orientations. 
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The menisci were found to be highly inhomogeneous in their response to pure shear loading, 
i.e. the menisci displayed different properties in different regions with respect to 
circumferential location. In the axial orientation, the posterior regions of both injured and 
arthritic menisci displayed a significantly lower shear strength, ultimate shear stress, ultimate 
shear strain and shear modulus compared to the other regions tested. No results from the 
anterior region of injured menisci were available for comparison due to a lack of material. 
There is no measurable difference between the collagen fibre bundle content of the anterior, 
central and posterior regions of the menisci, nor differences in the proportion of radial 
collagen tie-fibres with respect to circumferential location [Leslie eta!, 1998]. The posterior 
regions of the menisci are subjected to a greater severity and frequency of stresses within the 
knee, especially the posterior since the medial compartment supports the majority of load 
transferred across the knee. This may contribute to the incidence of tears within this region 
and have a wear and tear effect on the mechanical performance of the meniscus in this 
region. This would account for the lower mechanical properties observed in this study. 
However, no medial and lateral variations could be assessed since all the axial specimens 
originated from medial menisci. In the lateral meniscus, large type I collagen fibre bundles 
are highly orientated and arranged parallel to the periphery of the tissue. However, in the 
posterior half of the medial meniscus, the collagen fibre bundles have a significantly reduced 
circumferential organisation, i.e. they are not aligned in the circumferential direction [Fithian 
eta!, 1985]. This is likely to have contributed significantly to the reduced mechanical 
properties observed in the posterior region of injured menisci. However, a posterior decrease 
is also displayed in the arthritic menisci, with 7 medial specimens and 12 from the lateral, 
suggesting that the reduction in mechanical performance of the posterior regions is 
contributed to by the inferior properties of the collagen fibre caused by wear and tear and/or 
OA. Ultimate shear stress and ultimate shear strain were found to be significantly greater in 
medial tissue, with a higher modulus determined in the lateral menisci. At strains of less than 
7 percent, arthritic menisci from the central region appeared stronger than that from the 
anterior region, with the anterior stronger thereafter. However, similar values of ultimate 
shear stress, ultimate shear strain and tangent modulus were determined for both the anterior 
and central regions. This extremely slight difference in stress-strain behaviour may be 
attributed to a slight local difference in the amount of cross-links occurring within the 
different specimens or the local severity of OA. The greater strength displayed at low strains 
by the central region may be due to the greater alignment of the circumferential fibre bundles 
occurring in specimens taken from the central region compared to those from the anterior 
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region, which may include more sectioned fibres. However, specimens were examined under 
a microscope to determine the presence of sectioned fibres before testing and thus, this 
cannot explain the regional variation observed. 
In the radial orientation, shear strength, ultimate shear stress and shear modulus appeared to 
decrease posteriorly in the injured menisci, though no comparison was possible with the 
anterior region of injured menisci and the results were not found to be statistically 
significant. All samples originated from lateral menisci. This posterior decrease confirms the 
findings of the axial tests, that despite the known reduction in collagen fibre orientation in 
the medial posterior region, the posterior regions of both menisci are likely to suffer from 
reduced shear performance in vivo due to wear and tear effects and arthritis. Shear strength 
in the arthritic menisci appeared to be significantly greater in the anterior region compared to 
the posterior at strains greater than 1 percent. At strains below 1 percent, the posterior region 
displayed greater strength and stiffness. Unfortunately, no comparison was possible with the 
central region. No regional differences were found in the values of ultimate shear stress and 
ultimate shear strain. All samples originated from lateral menisci. The posterior region is 
subject to greater stresses in vivo and therefore, greater effects of OA. The increased strength 
and stiffness in the posterior region initially may be caused by the increased cross-links in 
this region due to the effects of arthritis. A higher proteoglycan content corresponds with an 
increase in the resistance of the ground matrix substance to fibre recruitment due to the 
increased binding of water [Schmidt eta!, 19901. The matrix contributes a low tensile stress 
in comparison to the collagen fibres and carries no load when stretched beyond its failure 
strain. 
A lack of tissue meant that regional variation could not be assessed in the circumferential 
orientation of injured menisci. No statistically significant differences were determined in the 
circumferential specimens from arthritic menisci. Although displaying very similar stress-
strain behaviour throughout, shear strength was noted to decrease posteriorly at strains less 
than 7 percent, yet increase posteriorly thereafter. Ultimate shear stress and ultimate shear 
strain appeared greater in the anterior region, with the central and posterior regions 
displaying similar values, but the differences were not determined to be significant. The 
greatest shear modulus occurred in the central region, with the least in the posterior. Whilst 
observing these results, it is important to note that statistical significance was not determined 
for the regional variation of any property. The similarity of the values suggests that no 
regional variation exists in this orientation. The author considers this unlikely in vivo and 
that data concerning the injured menisci and a greater number of test samples concerning the 
arthritic menisci would reveal regional variation, similar to that observed in the radial 
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orientation. However, in this circumferential orientation of arthritic menisci, variations 
between specimens taken from the medial and lateral menisci were similar to those observed 
for the axial orientation, with the lateral menisci displaying greater shear strength at strains 
below 5%, the medial stronger thereafter. Ultimate shear stress and ultimate shear strain 
were found to be greater in medial tissue, with a higher modulus determined in the lateral 
menisci. The cause of the increased stiffness and strength of the lateral meniscus is due to the 
collagen fibre bundles being more highly orientated in the lateral menisci, as previously 
described. 
Comparison of the results of this study to other results is limited due to the lack of published 
data on shear properties. To the authors' knowledge, torsion of human menisci has never 
been previously reported, therefore the values of ultimate shear stress, ultimate shear strain 
and shear modulus are original results. Chem eta!, 1990 reported the low strain rate shear 
modulus of axial specimens to be greater than that of the circumferential and radial 
specimens and determined a greater shear modulus in specimens taken from the posterior. 
However, specific comparison of values is inappropriate due to the specimens not having 
their outer surface layers removed. Zhu eta!, 1994, tested disc-shaped (6.4mm x 1mm thick) 
specimens of bovine meniscus in torsion using dynamic and stress-relaxation tests (shear 
strain range 0.5-5%). The tests provided information on dynamic shear response, but did not 
allow the shear modulus to be uncoupled. Goertzen et a!, 1997, determined shear modulus of 
bovine meniscus in the transversely isotropic plane (5.4 MPa (±2.3 MPa)) and the 
longitudinal plane (5.7 MPa (±2.0 MPa)). The similar value of the two shear moduli suggests 
that the matrix material play an important role in the shear deformation. The results were 
presented from a low number of tests (N= 10). 
The collagen network plays an active mechanical role in contributing to the shear stiffness 
and energy storage in cartilage. The tension in collagen acts to increase the shear stiffness of 
the solid matrix. The interaction of proteoglycans with collagen fibrils functions to maintain 
collagen fibrils in proper spatial orientations, thus providing cartilage with its strength and 
stiffness in shear. The anisotropy and inhomogeneity determined in menisci reflects the 
organisation of the collagen fibres in the matrix. Increasing shear strain causes tissue 
stiffness to decrease whilst energy dissipation increases. This has been noted at low shear 
strains (<5%) so is likely to occur during physiological loading conditions. This effect 
appears to be due to the highly orientated ultrastructure of the matrix collagen and tenuous 
interactions between these fibres and proteoglycans. The ultrastructure allows the molecules 
to slide over one another as the shapes of the opposing articular surface change. This 
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conformability of the meniscal matrix maximises joint congruity in all joint positions 
without constraining joint motion. Since two of the major functions of the menisci are to 
bear and distribute load, it would seem that the ability to change shape offers maximum 
load-carrying efficiency at all joint angles. Despite the addition of cross-links, due to the 
effects of ageing and OA, since the shear load is transferred into tensile loading of the 
circumferential fibre bundles, it is likely that inferior tensile properties and structural 
integrity cause to lower mechanical performance in this region compared to the others. 
The mechanical properties of meniscal tissue varied dependent upon from which knee the 
meniscus originated. In the axial orientation, right knee menisci displayed greater shear 
strength, stiffness and ultimate shear stress compared to the left, with ultimate shear strain 
greater in left knee menisci. Ultimate shear stress and parameter A were found to be 
statistically significantly greater in right knee menisci. In radially orientated injured menisci 
this pattern was reversed, with left knee menisci displaying greater shear strength, ultimate 
shear stress and stiffness and right knee menisci having greater values of ultimate strain. In 
the axial orientation of arthritic tissue, left knee menisci displayed greater shear strength, 
ultimate shear stress, ultimate shear strain and shear modulus with shear modulus statistically 
significant. However, in circumferentially orientated specimens, right knee menisci had 
greater strength and ultimate shear stress, but left knee menisci displayed greater ultimate 
shear strain and modulus, though no statistical significance was determined. 
There are no known specific structural (or ultrastructural) differences between menisci from 
the right and left knees, nor any reported observations of differences in biochemical 
composition. However, there are a number of ligaments that may or may not be present in 
the joint capsule. For example, the variably present posterior (Wrisberg) and anterior 
(Humphrey) meniscofemoral ligaments pass from the posterior horn of the lateral menisci to 
the lateral aspect of the medial femoral condyle. The ligament of Wrisberg is formed by the 
posterior fibres of the posterior horn of the lateral meniscus attaching to the medial femoral 
condyle, posterior to the origin of the PCL and anterior to the posterior horn of the medial 
meniscus. This posterior meniscofemoral ligament is found in around 76 percent of 
cadaveric material [Clancy eta!, 1983]. In 50 percent of knees, the anterior fibres of the 
posterior horn of the lateral meniscus insert to the medial femoral condyle anterior to the 
origin of the PCL forming the anterior meniscofemoral ligament (Humphrey ligament). 
Usually one or other of these structures is present and they vary markedly in size. The 
menisci have mobility within the knee joint. Since the menisci are mainly fixed to the tibial 
plateau and the axis of knee motion is located at the level of the femoral epicondyles during 
Robert Moran 	 -__________________________ 309 
9.0 The Meniscus under Shear 
extension and flexion, motion is larger in the meniscofemoral rather than the meniscotibial 
joint. Clearly the presence of additional meniscofemoral ligaments must affect the motion of 
the menisci and therefore, the way in which load and stress is borne. It is widely known that 
the menisci are adapted to their functional stressing. It is therefore reasonable to suggest that 
the presence of additional ligaments will cause slightly different variations in location and 
transferral into tensile stress and strain, within the meniscal collagen fibres, of any applied of 
loads and stresses. This may be particularly evident in wear and tear/fatigue considerations. 
Therefore, slightly different meniscal pair and knee variations in the mechanical properties 
of the meniscus may be caused by the presence of additional anatomical structures within the 
knee joint capsule. The regional variation, pathology and orientation investigations 
previously completed and their respective results will be unaffected by the presence of these 
additional anatomical constraints, since these relative differences will be maintained and the 
data values will correspond to the average mechanical and material response of the meniscus 
in each category. 
Styles of gait and patient lifestyle are important factors in the consideration of knee 
variations of the meniscus. Individual styles of gait, between patients may affect the 
mechanical properties of the meniscus. For instance, which compartment of the knee is 
initially loaded at heel strike? When the knee moves it does not just bend (flex) or straighten 
(extend), but it also has a slight rotational component in its motion. During flexion and 
extension of the tibiofemoral joint there is a combined roll, glide and spin off the articulating 
surfaces to help maintain joint congruency. Styles of gait and patient lifestyle are important 
considerations in explaining the knee variations of the meniscus. Individual styles of gait 
between patients are likely to affect the mechanical properties of the meniscus, particularly 
the effects of fatigue, through poor load transmission or uneven loading in specific joint 
contact areas, caused by poor gait. For instance, the predominance of knee arthritis in the 
medial aspect fits this paradigm. The lateral knee is loaded initially at heel strike, with the 
medial compartment, which takes 60 percent of the total load by mid-stance loaded later in 
the step. The effect of OA on the collagen fibres within the meniscus has been highlighted. 
Fatigue effects may differ between the left and right knees in some patients, exacerbated 
through an exceptionally active lifestyle, or through a repetitive stress of excessive impact 
loading over time, e.g. rugby kickers standing leg. 
Despite the lack of statistically significant variations between the menisci obtained from the 
left and right knee, the variations observed and their heterogeneous nature, reveal that 
differences do occur between knees as a result of gait and lifestyle. Further investigation 
must be performed, analysing the effects of additional anatomical features of the knee joint 
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capsule and variations in joint loading caused by gait and lifestyle, e.g. professional sports 
person. This will be most accomplished utilising accurate computer modelling and 
simulation, which the data and stress-strain behaviour information provided in this study will 
contribute considerably towards. 
Comparison of male and female menisci was only possible in the axially orientated arthritic 
menisci, with female menisci displaying greater shear strength, ultimate shear stress, 
ultimate shear strain and shear modulus compared to male. Leslie, 1996, reported that radial 
tie-fibre content was significantly greater in female menisci compared to male. The 
stiffening effect of these radial tie-fibres would increase the mechanical properties of the 
axially orientated tissue when subject to shear loading. However, without access to data from 
both pathology groups and all orientations for comparison, firm conclusions cannot be 
drawn. 
The mechanical properties of human menisci in pure shear loading were found to be age-
dependent. Trends with increasing age were investigated across the full range of specimens 
and within the pathology specific groups. Due to the nature of sample procurement, this 
study has not been able to produce age-matched controls for either pathology group, so the 
results and findings of this analysis must be treated appropriately. No relevant data exist in 
the literature. 
Ultimate shear stress and shear modulus increased significantly with advancing age across 
the full range of age of patients. Collagen content is known to increase in the meniscus from 
birth up until the age of 30 years, remain constant until 80 years and then begin to decline 
[Ghosh and Taylor, 1987, McDevitt and Webber, 1990]. This effect causes the increased 
failure stress and shear modulus determined in the axial orientation of injured menisci and 
contributes to the decrease observed in both the axial and circumferential orientations of 
arthritic menisci. Studies on degenerated meniscal tissue have shown that it contains a higher 
water content than that of age-matched controls and a decrease in collagen content [Ghosh el 
al, 1975, McDevitt et al, 1990]. The increased shear modulus determined in the arthritic 
samples can be attributed to the increase in collagen cross-linking that has been shown to 
occur with advancing age [Bjorksten, 19621 and the extra cross-links due to the effects of 
arthritis. Much of the deterioration with old age is due to decreasing quantity and quality of 
collagen in the meniscus. The decreased ultimate shear stress displayed by the arthritic axial 
and circumferential specimens is caused by the increased brittleness found in osteoarticular 
diseased menisci. Ultimate shear strain decreased significantly with advancing age across the 
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full range of specimens in the axial and radial orientations and within both specific 
pathology groups. Ultimate shear strain was noted to decrease in the arthritic menisci in both 
the axial and radial orientations. The collagen crimp is flattened with increasing age 
[Diamant et a!, 1972] and has been shown to decrease with the effects of OA in this study. 
This is thought to decrease the shock absorbing effect of the meniscus [Gathercole and 
Keller, 1975] and be a major cause of age-related effects in the mechanical properties of the 
meniscus. 
With increasing age, changes occur in the collagenous framework of the meniscus including 
an increase in the rigidity of the tissue, with the fibres ultimately becoming brittle [Viidik, 
1982] and therefore, susceptible to crack development. This is predominant in the radial 
orientation (due to its ultrastructural morphology) which experiences a reduction in ultimate 
shear stress and shear moduli with increasing age in the injured specimens. Shear applied in 
this manner will result in longitudinal and bucket-handle tears in the meniscus in vivo and its 
age-related reduction in mechanical performance under shear reflects the high incidence of 
tears noted with this mechanism. 
Ultimate shear stress in the radial and ultimate shear strain in the circumferential orientation 
of arthritic menisci both increased with advancing age. This contributes further evidence that 
the additional cross-links created with increasing age are created in an oblique manner, as 
previously described. 
A non-linear anisotropic response of fresh human meniscal tissue to shear loading has been 
presented. Shear is an important loading mode of the human meniscus and may be a 
dominant failure mode. The meniscus is believed to sustain significant shear stresses under 
normal loading conditions [Arnoczky et a!, 1988]. Its response to shear, particularly in the 
two planes parallel to the axis of the circumferential fibre bundles may be important in the 
development of vertical and horizontal tears [Smillie, 1978]. The meniscus was shown to 
have its weakest mechanical response to shear the radial orientation, which corresponds to 
the mechanism of longitudinal and bucket handle tears, which are the most frequent 
clinically observed tears. The meniscus exhibited its greatest strength in shear in the axial 
orientation, which corresponds to its ability to resist lateral shearing of the circumferential 
fibre bundles and maintain its load bearing qualities under direct compression loading. Under 
low shear strains, radial tie-fibres are not loaded under pure shear, yet failure of all three test 
orientations in shear is as a result of the progressive failure of the radial tie-fibres. This 
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highlights their structural importance in resisting injury and maintaining function within the 
normal meniscus. The mechanisms of failure described in all three orientations highlight the 
fact that compression is an important factor in the generation of meniscal tears. Compression 
combined with a jerk or twist of the lower limb with cause the radial tie-fibres to be loaded 
in shear and ultimately fail. 
The effect of arthritis on the collagen fibres determined in the compressive and tensile tests 
was further emphasised, with the additional cross-linking and shortening of the collagen 
crimp providing additional stiffness at very low shear strain, hence a reduced shock 
absorbing capacity, and a significantly decreased failure strain. This causes a reduction in the 
angle of twist required in the shear failure mechanism to cause meniscal failure in shear in 
the arthritic patient. Therefore, degenerative tears may occur without a noted or patient 
apparent injurious mechanism occurring, through the reduced collagen crimp in arthritic and 
aged tissue. The combined effects of greater severity and frequency of stresses experienced 
in vivo, reduced collagen fibre orientation and the greater effect of OA in the posterior 
regions explain the reduced mechanical performance in this region, resulting in the higher 
incidence of clinical noted tears in this posterior region. 
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The intrinsic mechanical properties and behavioural characteristic of fresh, human meniscal 
tissue were obtained and have been linked to basic structural characteristics. The present 
evidence confirms that the human knee joint meniscus is an extremely complex engineering 
material. The concept that the meniscus is a composite material in which strong fibres, 
orientated mainly circumferentially, are embedded in a weak matrix has been reinforced. The 
menisci have been shown to be highly anisotropic and inhomogeneous (with respect to 
circumferential location) and exhibit a non-linear stress-strain relationship in response to 
compressive, tensile and shear forces. 
Under a weight-bearing load, the menisci maintain the balanced position of the femur on the 
tibia and evenly distribute compressive forces and loads within the knee by increasing the 
pure contact surface between the femoral condyles and the tibial plateau. Force transmission 
is more effective, load-bearing area wider, surface stresses smaller, compliance greater and 
joint stiffness lower with the meniscus present as opposed to absent. However, the primary 
function of the intact menisci is to accept compressive force. Compressive load is balanced 
by the generation of circumferential and axial stress. Under very low compression, load is 
borne towards the inner periphery of the meniscus, due to the anatomical geometry of the 
femoral condyles and the menisci. As the menisci are compressed further, they are squeezed 
radially outwards, due to their anatomical wedge-shaped geometry. This movement is 
resisted by the strong ligamentous attachments of the menisci to the tibial plateau generating 
hoop stresses within the circumferentially arranged collagen fibres. In this way, the menisci 
are adapted to their functional stressing, since the majority of the collagen fibres appear in 
large bundles orientated circumferentially around the menisci. Thus, compressive force is 
borne by the meniscal structure through the transfer of the majority load into tensile (hoop) 
stress of these circumferential fibre bundles. With this increased load, stress is generated 
predominately within the outer regions of the menisci. This is where the largest 
concentration of circumferential fibres occurs and the greatest tensile strength of the menisci 
is found. 
The role of the radial tie-fibres has been emphasised. They perform a critical and intimate 
function in maintaining the structural integrity of the healthy menisci and in facilitating load 
transferral through to the circumferential fibre bundles. During weight-bearing load, the 
radial tie-fibres provide additional tensile strength (and subsequently compressive strength), 
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but their primary role is the prevention of shearing of the circumferential fibre bundles. As 
compressive load is increased, due to the anatomical geometry of the menisci and their 
attachments, the upper section of the menisci displays a tendency to move outwards relative 
to the lower portions of the menisci [Aspden, 1985]. Tensile stresses developed within the 
radial tie-fibres act to resist this movement, maintaining structural integrity by preventing the 
circumferential fibre bundles from separating, i.e. splitting perpendicular to each other. The 
fact that these radial tie-fibres take origin in a condensation of collagen close to the vascular, 
synovial tissue that adjoins the meniscal margin is further evidence that they play a critical 
role in maintaining the integrity of the circumferential fibre bundles. The latter predominate 
in the outer one-third of the menisci and it is in this region that the greatest stress is induced 
during large compressive loading. The mechanism of fibre recruitment displayed in the 
circumferential orientation of the menisci confirms this important function. In addition, 
radial tie-fibres also act to resist any tendency for shear movement of the circumferential 
fibre bundles in the plane parallel to their predominant axis. 
The presence of the collagen crimp in the healthy menisci is an important factor in achieving 
its maximum mechanical performance. It provides the menisci with elasticity, necessary for 
it to function as a shock absorbing structure within the knee joint. The ability of the tissue to 
adapt to its functional demands is essential: the imbalance between mechanical loads and 
tissue properties may initiate or hasten cartilage degeneration. The collagen crimp provides 
the healthy menisci with an elastic property throughout the normal range of physiological 
loading, enabling the menisci to conform geometrically to the relative position of the femoral 
condyles and the tibial plateau and continue to provide its full range of functions to the knee 
joint. The flattening of the collagen crimp with age causes a reduction in mechanical 
performance through reduced elasticity. The collagen fibres in both normal and arthritic 
menisci have similar ultimate failure stresses, but their mechanical performance in vivo is 
greatly affected by a reduced ability to accept strain; strain increases within the ageing 
menisci at corresponding loads. This decreases the mechanical performance of the menisci 
in the ageing knee, as the shock absorbing and force transmission functions of the menisci 
are reduced, thereby increasing AC surface stresses, causing an increased joint stiffness and 
predisposing the joint to degeneration. These effects are as a result of age-related changes to 
the collagen fibres. Fatigue will contribute to the age-related changes of the menisci, 
especially in cases of extreme and repeated stress of the knee joint throughout life. The slow 
turnover and large number of load cycles accumulated over a lifetime must have an effect on 
the functions of the ageing menisci. 
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The initial stages of OA involve cartilage layers becoming thicker, inelastic and inflexible 
[Mankin eta!, 1971, Rangger et a!, 1997, Wang et a!, 1971]. In terms of mechanical 
performance, OA causes an exacerbation of the ageing effect on the menisci. An increase in 
collagen cross-links is the cause of the additional mechanical stiffness displayed by arthritic 
menisci through closer binding of the circumferential fibre bundles. The flattening of the 
collagen crimp causes a reduction in the elasticity of the menisci. Therefore, arthritic menisci 
offer a reduced shock absorbing capacity for the knee joint and hence, provide a reduced 
protection for both the AC and knee joint to degeneration and patient pain through applied 
loads and stresses. Under physiological strains, arthritic menisci have a reduction in their 
compressive load bearing capacity of approximately 50 percent. 
The posterior region of the meniscus, in particular the medial posterior displayed 
significantly reduced mechanical performance under compressive loading. This is as a result 
of the greater stresses these areas experience in vivo and the reduced circumferential 
organisation of the collagen fibres in the medial posterior region of the menisci. OA has a 
more pronounced effect on the mechanical properties of the menisci in the posterior regions, 
confirming the oft thought theory that mechanical fatigue is involved in the process of 
cartilage degeneration. An increased tensile stiffness was determined in the radial orientation 
of the posterior regions of the menisci, compared to the central and anterior. These fibres 
form the attachment of the menisci to the insertional ligaments and this stiffness is indicative 
of the physiological loads to which they are subjected. The posterior region is required to be 
stiffer than the anterior, due to the load and stresses applied in vivo. 
Meniscal tears constitute the most important pathologic condition of the tissue [Smillie, 
1967]. Injuries to the menisci can occur when they fail to follow the movements of the tibia 
and femur. The menisci are known to sustain significant shear stresses under normal loading 
conditions. Thus, shear is an important loading mode and may be a dominant failure mode. 
Failure of radial tie-fibres is a clear mechanism for longitudinal (i.e. split perpendicular to 
the tibial plateau) or bucket-handle tears of the menisci in vivo. This is confirmed by the 
mechanical properties in shear having been determined weaker in the radial orientation in 
this study, corresponding to the mechanism of longitudinal and bucket-handle tear 
formulation. That the mechanical performance under shear was greatest in the axial 
orientation explains the lower reported incidence of horizontal tears. These are caused by a 
relative motion between the upper and lower sections of the meniscus, with the upper part 
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attempting to move radially outwards and the lower section attempting to move radially 
inwards, causing shear stresses to be developed. This mechanical property ensures the 
menisci are able to maintain their compressive load bearing function, except following 
extreme loading conditions or degeneration. The fact that the failure mechanism in all three 
test orientations under shear involved failure due to the radial tie-fibres, highlights the 
importance of their presence within the menisci. The considerable tensile strength 
determined in the circumferential orientation disputes the hypothesis that vertical 
longitudinal tears occur in simple radial tension. Clearly, the meniscus is weaker in tension 
in this orientation. However, failure mechanisms in all three orientations revealed 
compression as a critical factor. This confirms the theory that the predominate mode of 
meniscal failure in trauma is a heavy compression, followed by a sharp jerk or twist of either 
the lower or upper limb relative to the other. The failure mechanism must involve generation 
of a combined compression and shear loading within the meniscus. 
The site-specific variations in the mechanical properties of the meniscus appear to mirror 
image the physiological loads the structure is subjected to, thus demonstrating that the 
menisci are not loaded uniformly and provide an explanation to the most common injuries of 
the menisci. The reduced mechanical properties determined in the posterior of the menisci, in 
particular the medial posterior, make the tissue susceptible to tears in this region. The medial 
meniscus is less mobile with more peripheral attachments, in comparison to the lateral. The 
increased loading on the medial, especially the medial posterior, menisci contributes to the 
higher incidence of tears in this location. A simple failure of radial tie-fibres in tension, 
followed by continued or further load application will result in the propagation of the tear 
throughout the circumferential length of the menisci. This may occur in simple compression, 
but the application of a shear load will greatly increase the risk for longitudinal tearing. The 
posterior region appears predisposed to tearing through a number of factors: its increased 
load experienced in vivo, mobility and reduced collagen fibre orientation contributing to its 
reduced mechanical properties. 
Degenerative meniscal tears are caused as a result of the reduced mechanical performance of 
the menisci, with increasing age or osteoarticular disease. The mechanism for injury remains 
consistent with that for normal menisci. However, additional cross-linking, combined with a 
shortening of the collagen crimp provides a greater stiffness to the meniscus. These effects 
cause a reduction in the angle of twist required for failure of the menisci in the arthritic knee. 
Hence, degenerative tears may appear to occur without an apparent injurious mechanism. A 
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combination of reduced collagen crimp and shear fatigue along the boundary between the 
upper and lower sections is the primary cause of horizontal degenerative tears. 
Once the meniscus is torn and structural integrity lost, the ability of the menisci to transfer 
load effectively throughout its structure, through tensile loading of the circumferential fibre 
bundles towards the outer portion of the menisci, is severely inhibited. As a direct 
consequence, stresses imposed upon the knee must be borne by the AC and through this 
increased stress, degeneration of the AC is unavoidable, leading to the onset of osteoarticular 
disease. AC has been found to be much more consistent in its pattern of stress response 
where it has been covered by the meniscus than exposed areas. 
Partial meniscectomy will preserve some of the load-distribution function of the meniscus 
provided the body enthesis entity is preserved. However, repair techniques and methods of 
men iscal replacement and regeneration must continue to be advanced, in order that the many 
functions that the menisci offer and perform towards maintaining a healthy knee joint be 
preserved. 
Determination of the mechanical properties of the meniscus has been challenging due to the 
many factors involved in experimental testing of biological tissues. These factors contribute 
to the wide spectrum of published data, making comparison of one set of data with another 
extremely difficult. This study has provided information regarding the compressive, tensile 
and shear properties using similar techniques and procedures to enable valid comparisons 
and conclusions to be drawn between the mechanical tests. 
Experimental work in this study was performed at room temperature. Previous research has 
involved the testing of biological tissue at both room temperature and in temperature and 
humidity controlled environmental chambers, which have attempted to recreate in vivo 
conditions. A study of the effect of temperature in the mechanical testing of knee ligaments 
found no significant differences over a temperature range of 20 to 41°C [Smith et a!, 1996]. 
Temperature parameters have been shown to be of secondary importance in the mechanical 
results [Lam et al, 1990, Pioletti et al, 1999]. 
The meniscus has complex geometries and microstructures; its collagen fibre orientation is a 
major determinant of anisotropy and inhomogeneity. This makes uniform loading of the 
entire tissue impossible. Therefore, cutting the sample to a standard shape/cross sectional 
area is necessary for mechanical testing. Extreme care was taken to handle the tissue in a 
non-traumatic standardised way and prepare precisely test samples. It is possible that 
removing a test sample from the meniscus alters the overall mechanical response of the 
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tissue by cutting the collagen fibres and breaking inter-fibre and fibre-matrix bonds. 
Biological structures have internal stresses due to turgor pressure and concentration of 
collagen fibres, collectively producing internal pre-stresses. Pre-stress and pre-strain poses 
problems with the use of standardised test samples. A standard sample size for testing was 
considered but found to be impractical; the meniscus is prestressed in its natural state so 
sample dimensions could not be defined accurately before cutting. Tissue structure is 
disrupted either by perpendicular cuts to the stress axis or by initial surgical removal of the 
material. The tissue seeks to regain equilibrium and in doing so may distort. In addition, the 
intrinsic variation in size of the menisci would have precluded definition of sample 
dimensions until availability of all the samples. As the material tested was fresh, mechanical 
testing had to take place as soon as possible after excision and so it was not possible to 
collect all the material for the study before testing commenced. This would have been 
possible if the material were to be fixed before testing. Cutting biological materials may 
create problems with maintaining balanced moisture content and may introduce surface 
cracks and weaknesses. Techniques involving slicing the cartilage and then measuring the 
thickness may cause significant dehydration of the cartilage and therefore, error in the 
thickness measurement and in turn in the calculation of materials property data. All 
specimens were covered in tissue soaked with saline solution and were repeatedly irrigated 
with saline in order to prevent the potential of cartilage dehydration. Test samples were 
inspected through a microscope to ensure no structural abnormalities, cracks or damage 
occurred during the preparation process. A small specimen of menisci may be more 
descriptive of the collagen since the initial length of the fascicle and sample cross-section 
can be accurately determined and the fibre bundles tend to be more parallel than in whole 
tissues. 
Engineering stress and strain were used so that the method could be presented simply. 
However, other stress and strain measurements could be calculated with the experimental 
data. Since stress is defined as the load per cross-sectional area, accurate measurement of 
cross-sectional area was necessary and great care was taken to ensure this was achieved. 
During the compression testing, samples were compressed between two stainless steel 
platens. Indentation by a device that might have localised the area of applied stress was 
avoided. Great care was taken to ensure that the compressive samples had parallel sides. 
Non-parallel samples would have resulted in erroneous estimates of stress-strain at low 
strains. Similarly, meniscal specimens were maintained hydrated with saline at all times to 
ensure no radial or circumferential curling (relative to the axial axis of loading) occurred. 
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Surfaces between the test specimen and the platens were taken to be frictionless, allowing 
free expansion of the specimen laterally whilst compression was applied and fluid to be 
exuded from the cartilage via the free surfaces. This negligible role of friction as a 
determinant of the stress response in unconfined compression is supported by direct 
microscopic observations of specimen lateral expansion, showing no visual evidence of 
adhesion at the cartilage-platen interface [Jurvelin eta!, 1997]. In a confined compression, 
test difficulties occur in achieving a perfectly cylindrical specimen with frictionless walls 
and also in the roughness of the porous filters. Indeed the compression of cartilage with a 
smooth impermeable surface in unconfined compression is a geometry which more closely 
simulates in vivo loading [Soulhat eta!, 1999]. By ensuring fluid flow within the meniscus 
negligible, through a low strain-rate, the need for a porous compressive platen is obviated 
and thus allows the determination of the mechanical properties of the collagen matrix. 
In the tensile tests, rectangular specimens were used instead of dumbbell shaped specimens 
and grip to grip strain rather than local strain was measured. The accuracy of the results 
would therefore, have been affected if the samples were of non-uniform cross-section and/or 
failure had occurred near the grips. Dimensions were measured at a minimum of five 
locations along the length and width of the sample. Specimens exhibiting any dimension at 
any location deviating from the corresponding average by more than 1% or any gauge length 
discrepancy were discarded. One of the most difficult aspects of mechanical tests on all 
biological tissues is firm holding of the specimen. The most common problems are slippage 
in the clamps and failure at low loads, often initiated at the clamps due to the stress 
concentrations generated at these points. For accurate testing to be performed, we must be 
confident that it is the tissue response being measured rather than a clamping effect. Extreme 
care was taken to ensure that as tensile loads were applied and the sample extended, no part 
of the length was extending inside the clamp and that the specimen stayed in the same 
position and orientation within the clamp throughout testing. Any slippage, failure near the 
grips or a sub-fibre failure within the clamp would have produced unacceptable errors in the 
displacement data. No clamping effects such as premature rupture, underestimation of the 
UTS or UT strain, slippage of the tissue within the clamp or sub-fibre failure within the 
centre of the sample inside the clamp occurred and the data produced corresponds directly to 
tissue response. It is understood that the above limitations could have been avoided if 
dumbbell-shaped specimens were used and local strain measured. However, preparation of 
specimens ensuring continuity of the fibres along the test length was found to be convenient 
and effective for rectangular-shaped specimens. A single cross-head speed of 0.5 mm/mm, 
yielding a typical strain rate of 0.0014 s' was used in all tensile tests. Therefore, the study 
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does not take into account the rate-dependent behaviour of the meniscal tissue. It is worth 
noting that in previous studies, where the strain-rate dependency of the men iscal tissue was 
evaluated, no significant effect of the rate on the elastic modulus was found up to a rate of 
150% mm' [Farinaccio, 1989] and 36% min - ' [Newton and Mow, 1992]. Therefore, the 
strain rate used in the present study can be assumed to reflect static conditions. The frictional 
drag effect caused by interstitial fluid flow can be negated if the uniaxial tensile test is 
performed at a very low strain rate [Li etal., 1983], allowing determination of the 
mechanical properties of the collagen matrix. 
In the shear tests, specimen ends were secured into slotted torsion casings in order to 
minimise the potential for relative movement in rotation between the specimen and torsion 
stand. It must be emphasised that shear strain varies with the radial distance from the centre 
of the cylinder, whilst the shear modulus governing deformational behaviour varies with 
circumferential location. Therefore, shear deformation of the cylinders depends upon the 
shear modulus in both orientations. Hence, use of the data from this study in the formulation 
computer/FE models of the meniscus must consider the size of the representative element 
used in the mechanical tests. 
The vast majority of mechanical testing of the meniscus has been performed on animal 
and/or fixed tissue. Rabbit [Gao et a!, 1994, Ghadially et a!, 1978, Jitsuki, 1994, Moon et a!, 
1972, Roedecker eta!, 1993, Sommerlath and Gillquist, 1992, 1993, Webber eta!, 1985], 
canine [Adam and Muir, 1981, O'Conner, 1976, 1984], ovine [Ghadially eta!, 1986, 
Swiomtkowski eta!, 1988] and bovine menisci [Cheung, 1987, Newton and Mow, 1992, 
Procter eta!, 1989, Skaggs eta!, 1994] have all been investigated and significant interspecies 
variation found in the material properties of the knee meniscus [Joshi eta!, 1995]. Knee joint 
menisci are found in all mammals and also in other types of animals, but their shape and 
insertional anatomy vary considerably. Many ligaments appear missing or additionally and 
there are differing sizes and lengths of insertional attachments in animal menisci compared 
to human. These differences in anatomical characteristics between different animals and man 
reflect major differences in the use of the limb and joint mechanics, limiting and questioning 
the validity of animal models. Therefore, it is not possible to extrapolate data on the 
biomechanical behaviour of the human meniscus from animal models. Fixed meniscal tissue 
is subject to the effects that formaldehyde has upon its collagen. Formaldehyde stiffens the 
meniscus affecting its mechanical performance, thus making behavioural studies and 
material property data collection performed on fixed tissue inaccurate. 
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Osteoarthritis is known to have a localised effect and indeed in the majority of cases, though 
the knee is deemed to be arthritic, osteoarthritis has had a worse effect on one of the 
meniscal pair than the other of the pair has. The medial compartment is involved nearly three 
times as often as the lateral compartment. This can be attributed to the joint loading 
characteristics of the knee. An increased incidence on the medial side is no surprise sine the 
medial compartment supports the majority of load across the knee joint. This brings into 
question as to whether the arthritic knee menisci in this study can be truly representative of 
an arthritic knee, since in certain circumstances the menisci of the pair that has been least 
affected will have been available and most suitable for mechanical testing. However, the 
knee joint and both menisci will have been affected by OA and since no measure of the 
degree of arthritis present in the knee was made, the comparison of menisci from an arthritic 
knee to that of a non-osteoarticular diseased knee remains valid. 
The fundamental goal in constitutive modelling is the ability to predict the mechanical 
behaviour of a material under any loading state. Due to its mechanical anisotropy, multiaxial 
testing methods have been of essential importance in determining the three dimensional 
mechanical response of the menisci, greatly simplify the theoretical analyses required to 
describe the data. Representative elements have been tested to obtain mechanical 
behavioural characteristics and material properties; test elements were large enough to be 
statistically representative of their vicinity, yet small enough when compared to the whole 
tissue so that stress-strain within the element can be considered homogenous. 
The behavioural characteristics and mechanical properties data presented will allow the 
menisci to be accurately analysed and modelled. Development of mathematical models can 
aid understanding of the stress distributions in the loaded joint and situations liable to cause 
structural failure. Mathematical modelling enables researchers to overcome the considerable 
practical and ethical difficulties of studying the behaviour of these materials in vivo. Finite 
element (FE) analysis is a numerical modelling method, which can be implemented to 
investigate the mechanical response of structures. FE analysis is an invaluable tool for 
research and design, complementing experimental and analytical models as it can indicate 
the behaviour of structures under different conditions that may not be possible to simulate 
experimentally, or to solve analytically. The method facilitates the analysis of parameter 
distributions within the tissue and the role of the mechanical and material parameters in 
determining the behaviour of the meniscus. As such FE analysis has the potential to assist in 
understanding physiologically and clinically relevant problems, such as sports related 
injuries, estimated to occur at strain rates of up to 500% per second. Recent applications in 
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orthopaedic biomechanics have confirmed that realistic mathematical modelling is an 
efficient and effective tool for the simulation and analysis of complex biological structures 
such as the human knee joint. Clearly, the accurate representation of knee anatomy and knee 
joint biomechanics is essential in the diagnosis, prevention and treatment of observed 
disorders. 
Previous computer generated FE models of the meniscus have been reported assuming 
simplified axisymmetric geometries for the femoral condyles, tibial plateau and menisci, 
with no consideration of cartilage layers or ligaments [Aspden, 1985, Sauren eta!, 1984, 
Spilker and Donzelli, 1992; Tissakht et a!, 1991]. Aspden et a!, 1985 wrote regarding their 
FE model, "in the absence of any known measurement of the mechanical properties of 
meniscus these elements were calculated by assuming that meniscus behaves like articular 
cartilage in compression and like tendon in extension". These assumptions are clearly 
inadequate. For example, articular cartilage does not exhibit fibre crimping [Gathercole and 
Keller, 1975]. Clearly, the collagen fibre crimp is imperative to the performance of the 
meniscus and to model the meniscus without accounting for this essential property, renders 
the data collected inapplicable to the meniscus in viva. The assumption that the meniscus is 
an isotropic and linear elastic solid is clearly not valid for physiological loading. For the first 
time, authentic mechanical behavioural characteristic and materials property data regarding 
the human knee joint menisci are presented which will facilitate the development of accurate 
computer models of both the menisci and the human knee joint. This data will enable the 
advancement of previous meniscal models, to account for the additional complexities of soft 
tissue microstructure and mechanics. The material constants obtained allow the behaviour of 
the material in any structural form and any complex loading conditions to be represented 
through computational modelling. All future computer models must take into account the 
intrinsic variation of the mechanical properties and mechanical structure highlighted, 
meniscal movements, the differing contact points of the femoral condyles and the effect of 
contact in one area of the meniscus and the loading response of the adjacent area. Fibre 
cross-links and the interactions of the fibres with other fibres and the surrounding matrix 
must be more explicitly represented and non-linear stretching of individual fibres 
incorporated through the regression model parameters obtained. Time-dependent effects 
such as creep (an increase in the length over time under a constant load), stress relaxation (a 
decrease in the load when the material is held at a fixed elongation), hysteresis (energy 
dissipation with continual loading and unloading when subject to a cycle of loading and 
unloading) and strain-rate dependence can then be examined. This will enable the role of the 
fluid flow and the binding of water by the proteoglycans to be considered. 
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Multidisciplinary work continues into the structure, cell biology, surgery techniques, 
replacement, healing and rehabilitation involving the areas of biology, biomechanics and 
pathology of the meniscus. Research is being pursued in many laboratories with regard to 
new and better ways of treating the knee with absent or injured menisci, the ability to repair 
tears in the avascular zone, techniques of meniscal allografts for knees showing premature 
symptoms of arthritis and allogeneic replacement to restore a painless joint with potentially 
normal loading characteristics. However, many questions still remain concerning the 
mechanical effects of meniscal repair, creation of vascular access channels and performance 
of allografts, autografts and replacements. Identification of the mechanical properties of the 
menisci can serve as the basis for evaluating their success and failure. 
The pathomechanics of meniscal injury has not received enough attention. Classification of 
meniscal injury mechanisms is likely to be of benefit in the improvement of treatment 
procedures and preventative measures. The precise nature of loading of the menisci and the 
extent to which they are displaced and deformed during loading is an extremely complex 
problem. This must be fully understood to enable the best repair techniques to be used. 
This data provides the required rigorous stress analysis of the meniscus, which can be 
correlated with the internal response of the menisci to any imposed joint load. Formulation 
of a computer model will enable injury mechanisms in vivo, the deformation and creation of 
tears and the efficacy of meniscal repair techniques to be investigated and assessed. The 
mechanical effectiveness of meniscal repair has never been studied, due to the lack of 
material properties and behavioural characteristics of meniscal tissue. This work can now 
proceed. 
Meniscal replacement has been advocated for use in cases with extensive meniscal damage 
or following total meniscectomy. Methods including autografts, allografts, reabsorbable 
scaffolds and permanent prosthesis have been suggested. The primary goal is 
reestablishment of normal joint load distribution and function, and so any substitute must 
have its tissue properties as near to normal as possible. To date, no material has been 
identified that can match the unique characteristics of the meniscus and none have been able 
to tolerate the one to three million load-bearing cycles per year that the normal meniscus 
encounters. The current generation of total knee joint replacements are designed to reduce 
pain in elderly patients arthritic knees and they cannot function at the required level in 
patients twenty years younger due to premature wear leading to further joint damage. Thus 
the next step is to conquer replacing the damaged meniscus with a prosthetic part. Meniscal 
replacement may provide stability, prevention of arthritic change or retardation of arthritic 
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progression in the knee. The margin for error for a prosthetic implant is very small, since it is 
easy to accelerate rather than delay the onset of OA. There is no proof that replacement of 
the meniscus with an allograft can re-establish the important functions of the meniscus and 
thereby prevent or reduce the development of osteoarthritis, common after meniscectomy. 
After implantation, major problems are the remodelling of the graft to inferior structural, its 
insufficient fixation to bone which fails to duplicate a normal anatomical configuration, and 
therefore a functional meniscus enthesis, and its mechanical properties and performance. 
Understanding the mechanical properties of the human meniscus in different age groups and 
pathologies provides additional data for consideration in selecting appropriate materials for 
meniscal allografts. 
It was once thought that the cells of the meniscal fibrocartilage (fibrochondrocytes) lacked 
the biological capability of initiating a reparative response to injury. However, we now know 
through recent probing in cell biology that this is not the case. It is the avascularity of the 
meniscus, particularly towards the inner two-thirds of the meniscus that hampers these 
otherwise competent cells from responding. New surgical techniques to stimulate natural 
regrowth and repair of the meniscus are being developed. Tissue engineered collagenous 
biodegradable templates (cell scaffolds), which can support living chondrocytes and other 
cells, enabling regrowth of the meniscal matrix in vivo have been promoted. Following 
partial meniscectomy, the cut surface of the meniscus when covered with an organised fibrin 
clot has been shown to repopulate with fibrochondrocytes that modulated into a 
fibrocartilage-like tissue, even in avascular regions. Induced meniscal regeneration may 
obviate the prerequisite mathematical and biochemical modelling of the meniscus necessary 
for artificial meniscal replacement. However, it is not yet known if the repaired meniscus is 
structurally and functionally the same as original tissue. A large number of science and 
preclinical studies still need to be performed before the efficiency necessary for orthopaedic 
applications and guaranteed safety are reached. As these scientific methods progress, data 
must exist for comparison of mechanical performance of regenerated material with that of 
normal menisci in vivo and the information provided within this study is a step towards that 
goal. 
A complete non-linear stress-strain relation of the meniscal material has not previously been 
reported. This study presents data collected by the author and does not rely on data published 
by others. Therefore, the problems associated with using typical values (i.e. data 
representative of the literature) where this data has come from tissues of different species, 
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anatomical locations, ages, through different testing conditions and the data may therefore be 
varied or misreported (or unreported) are avoided. Hence, this research provides a definitive 
set of precise data, rather than capturing trends observed in numerous previous experimental 
studies. Mechanical property data concerning fresh, human meniscal tissue is entirely 
original. This study presents an exact series of data and behavioural characteristics for the 
meniscus under compressive, tensile and shear forces: the three loading modes of the 
menisci in vivo and describes inherent tissue failure mechanisms. The identification of the 
behavioural characteristics and mechanical properties of the menisci provided is crucial for 
the accurate formulation of representative computational models in the future. It is intended 
to provide a reference by which essential future work on meniscal repair materials and 
techniques, advancements in allograft/autograft procedures and tissue engineered and 
prosthetic replacements may be realistically assessed and verified for mechanical 
performance and behaviour in vivo. 
Robert Moran 	 326 
11.0 Conclusions 
11.0 Conclusions 
I. The intrinsic mechanical properties and behavioural characteristics of fresh, human knee 
joint menisci have been defined under compressive, tensile and shear loading. The non-
linear stress-strain relationships and material properties of the highly anisotropic and 
inhomogeneous material have been determined and linked to the structural organisation 
and composition of the tissue. 
The menisci bear load primarily in tension through the circumferential fibre bundles. 
The critical roles of the radial tie-fibres in facilitating efficient transferral of load to the 
circumferential fibres and maintaining structural integrity of the menisci through a 
combination of shear and tensile load in the normal knee menisci have been established. 
Their failure under tension and shear leads to the most commonly observed injurious 
pathologies of the menisci. The process of fibre recruitment of the radial tie-fibres is an 
integral part of the response of the menisci to heavy loading. 
The greater stress experienced in vivo and the reduced structural organisation of the 
collagen fibres in the posterior regions of the meniscus cause a weakened mechanical 
performance in comparison to other areas of the material, and a higher susceptibility to 
traumatic tears. An increased tensile strength and stiffness in the peripheral posterior 
regions of the menisci, at the site of the attachment of the menisci to the insertional 
ligaments, is indicative of the physiological load to which they are subjected. 
The characteristic collagen crimp provides the menisci with its ability to perform many 
functions under physiological loading conditions. It is the flattening of this structure with 
both age and osteoarticular disease that contributes significantly to a decreased 
mechanical function. Under physiological strains, arthritic menisci have a reduction in 
compressive load bearing capacity of 50 percent. The additional stiffness provided by 
increased cross-linking with age and osteoarticular disease, combined with loss of the 
collagen crimp inhibits normal function of the menisci and predisposes the tissue to 
degenerative tears and damage. 
This primary source information provides a greater understanding of the functional 
behaviour of the menisci under physiological loading conditions and an insight into 
failure mechanisms. The data can be used for the accurate formulation of representative 
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computational models of the menisci to enable the study of injurious and degenerative 
failure mechanisms and the efficacy of current and future meniscal repair methods and 
techniques. It provides a reference by which future work concerning meniscal repair, 
tissue engineered and prosthetic replacements may be realistically assessed for 
performance in vivo. 
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A.1 Compression 
INJURY Gender Age Knee Meniscus Description 
(years) 
1 Female 21 Right Medial Skiing 
2 Male 44 Right Medial Standing from crouching 
3 Male 37 Right Medial Football - twisting 
4 Male 61 Right Medial Tripped 
5 Male 23 Right Medial Football - twisting 
6 Male 27 Right Medial ACL tear & reconstruction; 
new injury 
7 Female 31 Right Lateral Twisting 
8 Male 29 Right Medial ACL tear - 5 years old 
9 Male 32 Right Medial Football - twisting 
10 Male 20 Left Medial Failed repair —6months 
11 Female 32 - - Trauma 
12 Female 41 Right Medial Knee locking for 3 months 
13 Male 33 Left Medial ACLtear — twist 
14 Male 21 Left Medial Fall - BH tear 
Table A.84 Clinical data for injured meniscus; compression. 1- 1 unknown origin I. 
ARTHRITIC Gender Age Knee Meniscus Description 
(years) 
* 1 Female 78 Left Medial Rheumatoid Arthritis * 2 Female 78 Left Lateral Rheumatoid Arthritis 
+ 3 Female 46 Left Medial OA 
+ 4 Female 46 Left Lateral OA 
5 Female 41 Right Medial OA 
6 Male 78 Left Medial OA 
- 7 Male 68 Right Medial OA 
8 Male 68 Right Lateral OA 
9 Female 67 Right Medial OA 
10 Female 67 Right Lateral OA 
11 Male 80 Right Lateral OA 
12 Female 82 Left Medial OA 
13 Female 49 Right Medial OA 
14 Female 82 Right Medial OA 
15 63 Right Lateral OA 
Table A.85 Clinical data for arthritic meniscus; compression. I*+@paired sampIes I 
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A.2 Tension 
INJURY Gender 	Age 	Knee 	Meniscus Description 
1 Male 38 Right Medial Standing from kneeling 
2 Female 30 Left Medial None recalled 
3 Male 28 Left Medial Fall and twist 
4 Male 24 Right Medial Twisted knee playing squash 
5 Male 42 Right Medial None recalled 
6 Male 28 Right Lateral None recalled 
7 Male 44 Left Medial Twist at rock concert 
8 Male 29 Left Medial Football 
9 Male 31 Right Medial Twist 
10 Male 19 Right Medial Football, previous medial 
meniscectomy & ACL 
reconstruction. 
11 Male 15 Right Medial Fell 
12 Male 24 Right Medial Injured and concurrent ACL 
13 Male 30 Right Medial Football and concurrent ACL 
14 Female 22 Left Medial Fall on ice 
Table A.86 Clinical data for injured meniscus; tension. 
ARTHRITIC Gender Age Knee Meniscus Description 
(years) 
1 Female 64 Left Lateral OA 
2 Male 75 Right Medial OA 
3 Female 76 Left Lateral OA 
4 Female 50 Right Medial OA and tibial fracture 
5 Female 76 Left Medial OA 
6 Female 64 Left Medial OA 
Table A.87 Clinical data for arthritic meniscus; tension. 
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A.3 Shear 
INJURY Gender Age Knee Meniscus Description 
- (year 
1 Male 23 Right Medial 
2 Male 31 Right Medial Bucket-handle 
3 Male 26 Right Medial Bucket-handle 
4 Male 27 Left Medial 
5 Male 17 Left Medial Twist @ football & ACL tear 
6 Male 19 Left Medial Twist & previous ACL Tear 
7 Male 35 Right Medial Twisted knee on step 
Table A.88 Clinical data for injured meniscus; shear. 
ARTHRITIC Gender 	Age 	Knee 	Meniscus Description 
1 Female 84 Left Lateral OA 
2 Male 63 Right Lateral OA 
+ 	3 Male 77 Right Medial OA 
+ 4 Male 77 Right Lateral OA 
5 Male 76 Left Lateral OA 
= 	6 Male 74 Right Medial OA 
= 7 Male 74 Right Lateral OA 
8 Female 60 Right Medial OA 
9 Male 72 Right Medial OA 
10 Female 61 Right Medial OA & Tibial plateau fracture 
11 Male 83 Right Lateral OA 
Table A.89 Clinical data for injured meniscus; shear. I -'-= paired  samplesl 
Robert Moran 	 349 
Appendix B - Shear Theory 
Appendix B - Shear Theory 
The shear properties of a material can be determined by utilising torsion testing. Torsion 
refers to the twisting of a structural member when it is loaded by couples that produce 
rotation about its longitudinal axis. Torsion of a homogeneous material yields a state of pure 
shear in the material, which experiences no volume change. The intrinsic viscoelastic shear 
properties of the solid matrix of the meniscus can be determined in a pure shear experiment 
under negligible (small) strain. Under such conditions, no volumetric changes or 
hydrodynamic pressures are produced in the tissue, thus no interstitial fluid flow can occur 
[Hayes and Bodine, 1978; Mow and Rossenwasser, 1987; Myers et a!, 1988; Roth et a!, 
1982; Spirt eta!, 1989; Zhu eta!, 1986]. Negligible shear strains are of the order of 0.01% - 
1.0%. 
A circular cross-section assists with the accurate calculation of applied shear stress. Consider 
a bar or haft of circular cross-section twisted by couples at the ends. A bar loaded in this 
manner is said to be in pure torsion. By considering symmetry, we can show that the cross-
sections of the circular bar rotate as rigid bodies about the longitudinal axis, with radii 
remaining straight and cross-sections remaining plane and circular. For a small total angle of 
twist of the section then neither the length of the bar nor its radius will change. During 
twisting, there will be a rotation about the longitudinal axis of one end of the bar with respect 
to the other. For instance, if the left hand of the bar is fixed (as in this study), then the right 
hand end will rotate through a small angle 4 with respect to the left hand end. The angle 4 is 
known as the angle of twist. Now consider an element of the bar between two cross-sections 
that are a distance dx apart, Figure B. 177. 
dxl 
Figure B.177 Circular cross-section test sample in pure torsion. 
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The small element has sides' ab and cd that are parallel to the longitudinal axis. During 
twisting of the bar, the upper cross section rotates about the longitudinal axis with respect to 
the lower cross-section and points b and c move to b'and cc respectively, Figure B.178. 
T 
C 	 b 
li, TI 
a 	 d 
C 
4 
Figure B.178 Element of circular cross-section test sample under pure shear. 
The lengths of the sides of the element do not change during this rotation, but the angles at 
the corners are no longer equal to 90 0 . The element considered is in a state of pure shear and 
the magnitude of shear strain y, is equal to the decrease in the angle at a. i.e. 7 = bb/b . The 
distance bb' is the length of the small arc of radius a, subtended by the angle d, which is the 
angle of rotation of one cross-section with respect to the other, i.e. bb'= rdØ. Since 
q$/ ab = dx, we obtain that y = ad 	as an expression for the shear strain. In the special 
case of pure torsion the angle of twist per unit length is constant along the length of the bar, 
because every cross section is subjected to the same torque. Therefore, for pure torsion we 
obtain: 
Shear Strain y = 
aØ 
	 Equation B.1 
where, 
= angle of twist 
y 	= shear strain 
a = radius of cross-section 
h 	= gauge length 
It should be observed that the preceding equations are based only upon geometric concepts 
and are therefore valid for any circular bar regardless of whether the material behaves 
elastically or inelastically, linearly or non-linearly. 
The shear stresses acting on the cross-sectional plane, Figure B. 178 are accompanied by 
shear stresses of the same magnitude acting on longitudinal planes, Figure B. 179. This 
follows from the fact that equal shear stresses always exist on mutually perpendicular planes. 
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If a material is weaker in shear on longitudinal planes than on cross-sectional planes, then 
the first cracks due to twisting will appear on the surface in the longitudinal direction. 
Figure B.179 Longitudinal shear stresses in a circular bar. 
The state of pure shear stress at the surface of the shaft is equivalent to equal tensile and 
compressive stresses acting on an element orientated at an angle of 45°. Therefore, a 
rectangular element with sides at 45° to the axis of the shaft will be submitted to the tensile 
and compressive stresses, Figure B.1 80. If a twisted bar is made of a material that is weaker 
in tension than in shear, failure will occur in tension along a helix inclined at 45° to the axis. 
c ...... .(.... p 
Figure B.180 Tensile and compressive stresses acting on an element orientated at 45 0 to the 
longitudinal axis. 
The relationship between applied torque, T, and the angle of twist may now be determined 
from the condition that the resultant couple of the shear stresses acting over the cross-section 
must be statically equivalent to the applied torque, T. A ring element can be considered and 
if moments are taken then we obtain that the angle of twist per unit length, 0 = YGII, , 
where GI1  is known as the torsional rigidity. By substituting into Equation B. I we obtain 
Equation B.2, which is an expression for the shear stress at the circumferential position in 
terms of the torque and radius of the test sample. 
Shear Stress v = 
Ta 
	 Equation 13.2 
' P 
where, 
= shear stress 
T 	= torque 
A = distance from the edge (radius = maximum) 
Ip 	= polar second moment of area 
Robert Moran 352 
Appendix B - Shear Theory 
The Polar Moment of Inertia of the circular cylindrical specimen Ipis given by: 
Polar Moment of Inertia 	J,. = 	 Equation B.3 
It is noted that the maximum shear stress occurs at the surface of the cylinder while the axis 
of the cylinder remains stress free (so-called neutral axis). 
The shear stress, Equation B.2, and shear strain, Equation B. 1, can be used to calculate the 
shear modulus of the material, given by: 
r Th 
I Ii 
	 Equation B.4 
Extracts taken from Gere, J.M and Timoshenko, S. P. Mechanics of Materials; 3rd Edition, 
Chapman and Hall; London; 1987. 
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This Appendix contains full and complete tables of results in addition to those highlighted in 
Section 7.0 - The Meniscus under Compression. 
C.1 Meniscal Pair Variation 
Regression Model Parameters 
Axial 
AXIAL 	Location 	Menisci A 	(±SD) B 	(±SD) 
Injury 	 All 	Medial (N=42) 2.048 	(±2.530) 8.482 	(±3.071) 
[0.381] [0.463] 
Lateral (N=4) 3.520 	(±2.590) 6.680 	(±2.630) 
[1.290] [1.320] 
Anterior 	Medial (N=16) 1.777 	(±2.480) 8.628 	(±2.242) 
[0.620] [0.561] 
Lateral (N0) - 	 - - 	 - 
	
Mid-Anterior 	Medial (N=12) 
Lateral (N=1) 










3.692 (±3.281) 7.324 
[0.989] 
2.418 - 6.612 
0.595 (±0.545) 10.100 
[0.172] 
2.201 (±1.239) 8.090 
[0.876] 
2.627 (±2.048) 7.630 
[0.916] 
7.246 - 3.941 












Arthritic 	 All Medial (N=48) 0.568 (±0.952) 11.639 (±5.772) 
[0.137] [0.833] 
Lateral (N30) 0.735 (±0.682) 10.351 (±4.485) 
[0.122] [0.806] 
Anterior Medial (N11) 0.435 (±0.393) 13.010 (±8.560) 
[0.118] [2.580] 
Lateral (N=6) 0.832 (±0.776) 10.826 (±2.421) 
[0.317] [0.988] 
Mid-Anterior Medial (N=9) 0.123 (±0.132) 14.420 (±5.050) 
[0.044] (1.680] 
Lateral (N=5) 1.250 (±0.861) 7.890 (±4.340) 
[0.385] [1.940] 
Central Medial (N=11) 0.449 (±0.611) 12.180 (±4.660) 
[0.184] [1.410] 
Lateral (N=9) 0.872 (±0.607) 9.060 (±3.260) 
[0.202] [1.090] 
Mid-Posterior Medial (N=6) 0.378 (±0.098) 8.050 (±0.630) 
[0.040] [0.257] 
Lateral (N=4) 0.329 (±0.398) 10.130 (±2.260) 
[0.199] [1.130] 
Posterior Medial (N11) 1.272 (±1.715) 9.410 (±4.300) 
[0.517] [1.300] 
Lateral (N=7) 0.342 (±0.458) 13.490 (±6.870) 
(0.173] [2.590] 
Table C.90 Regression Model Parameters A and B; Meniscal Pair Variation; Axial 
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Injury 	 All 	Medial (N=42) 13.970 (±16.310) 101.400 (±112.300) 
[2.460] [16.900] 
Lateral (N=4) 19.090 (±6.590) 116.390 (±15.480) 
(3.3001 [7.740] 
Anterior 	Medial (N16) 12.500 (±15.030) 91.800 (±94.100) 
[3.760] [23.500] 
Lateral (N0) - - - - 
Mid-Anterior Medial (N=12) 24.120 (±22.870) 168.900 (±170.600) 
(6.8901 [51.400] 
Lateral (N1) 15.985 - 105.686 - 
Central Medial (N=10) 5.020 (±4.160) 47.800 (±38.600) 
[1.320] [12.200] 
Lateral (N=2) 15.910 (±3.300) 123.700 (±22.000) 
[2.330] [15.500] 
Mid-Posterior Medial (N=5) 16.710 (±12.030) 107.400 (±71.000) 
[5.380] [31 .700] 
Lateral (N=1) 28.558 - 112.540 - 
Posterior Medial (N=3) 7.672 (±1.301) 59.050 (±9.260) 
[0.920] [6.550] 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=48) 4.251 (±5.623) 35.820 (±41.870) 
[0.812] [6.040] 
Lateral (N=30) 6.390 (±5.690) 62.700 (±67.500) 
[1.020] [12.100] 
Anterior Medial (N=11) 3.622 (±3.258) 33.690 (±29.530) 
[0.982] [8.900] 
Lateral (N=6) 8.920 (±7.990) 100.000 (±93.900) 
[3.260] [38.300] 
Mid-Anterior Medial (N=9) 1.317 (±1.039) 15.280 (±9.820) 
[0.346] [3.270] 
Lateral (N=5) 7.820 (±3.870) 58.700 (±37.300) 
[1.730] [16.700] 
Central Medial (N=1 1) 4.060 (±5.620) 39.400 (±50.900) 
[1.690] [15.400] 
Lateral (N=9) 7.960 (±5.960) 80.700 (±83.200) 
[1.990] [27.700] 
Mid-Posterior Medial (N=6) 3.059 (±0.867) 24.870 (±8.070) 
[0.354] [3.300] 
Lateral (N=4) 2.820 (±2.800) 25.700 (±21.600) 
[1.400] [10.800] 
Posterior Medial (N=11) 8.120 (±8.92) 57.200 (±60.700) 
[2.690] [18.300] 
Lateral (N=7) 3.220 (±3.900) 31.400 (±33.300) 
[1.480] 112.6001 
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Circumferential 
CIRC. 	 Location Menisci A (±SD) B (±SD) 
SEML_____  
Injury 	 All Medial (N=9) 0.368 (±0.465) 14.587 (±5.851) 
[0.155] [1.950] 
Lateral (N=0) - - - - 
Anterior Medial (N=3) 0.257 (±0.116) 17.522 (±6.984) 
[0.067] [4.030] 
Lateral (N0) - - - - 
Mid-Anterior Medial (N=3) 0.038 (±0.031) 16.649 (±4.859) 
[0.018] [2.810] 
Lateral (N0) - - - - 
Central Medial (N=1) 0.132 - 11.788 - 
Lateral (N0) - - - - 
Mid-Posterior Medial (N=2) 1.148 (±0.258) 8.491 (±2.877) 
[0.183] [2.030] 
Lateral (N0) - - - - 
Posterior Medial (N=0) - - - - 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=17) 0.069 (±0.120) 18.590 (±5.790) 
[0.029] [1.400] 
Lateral (N=8) 0.190 (±0.292) 17.140 (±8.400) 
[0.103] [2.970] 
Anterior Medial (N=2) 0.001 (±0.0001) 15.760 (±3.030) 
[0.0001] [2.140] 
Lateral (N=2) 0.054 (±0.071) 15.077 (±0.994) 
[0.050] [0.703] 
Mid-Anterior Medial (N=2) 0.002 (±0.000) 19.285 (±1.334) 
[0.000] [0.943] 
Lateral (N0) - - - - 
Central Medial (N=4) 0.076 (±0.147) 16.000 (±6.300) 
[0.074] [3.150] 
Lateral (N=2) 0.371 (±0.520) 18.330 (±3.510) 
[0.368] [2.480] 
Mid-Posterior Medial (N=6) 0.100 (±0.141) 21.990 (±6.012) 
[0.058] [2.450] 
Lateral (N=1) 0.034 - 17.529 - 
Posterior Medial (N=3) 0.088 (±0.144) 16.660 (±7.090) 
[0.083] [4.100] 
Lateral (N=3) 0.035 (±0.046) 17.530 (±15.310) 
[0.0271 18.8401 
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CIRC. 	 Location Menisci AB (±SD) AB (±SD) 
[SEM] JL 
Injury 	 All Medial (N=9) 4.090 (±4.010) 57.300 (±67.900) 
[1.340] [22.600] 
Lateral (N0) - - - - 
Anterior Medial (N=3) 4.960 (±3.540) 103.300 (±98.300) 
[2.040] [56.700] 
Lateral (N=0) - - - - 
Mid-Anterior Medial (N=3) 0.551 (±0.419) 8.320 (±2.670) 
[0.182] [1.540] 
Lateral (N0) - - - 
Central Medial (N=1) 1.561 - 18.403 - 
Lateral (N=0) - - - - 
Mid-Posterior Medial (N=2) 9.376 (±1.109) 81.200 (±36.400) 
[0.784] [25.700] 
Lateral (N=0) - - - - 
Posterior Medial (N=0) - - - - 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=17) 0.831 (±1.408) 11.320 (±19.070) 
[0.3411 [4.630] 
Lateral (N=8) 3.070 (±4.860) 50.600 (±81.300) 
[1.720] [28.700] 
Anterior Medial (N=2) 0.020 (±0.006) 0.322 (±0.153) 
[0.004] [0.108] 
Lateral (N=2) 0.846 (±1.117) 13.300 (±17.700) 
[0.790] [12.500] 
Mid-Anterior Medial (N=2) 0.031 (±0.008) 0.609 (±0.197) 
[0.006] [0.139] 
Lateral (N=0) - - - - 
Central Medial (N=4) 0.549 (±1.004) 4.260 (±6.650) 
[0.502] [3.330] 
Lateral (N=2) 5.890 (±8.220) 93.500 (±130.000) 
[5.810] [91 .900] 
Mid-Posterior Medial (N=6) 1.530 (±1.963) 24.200 (±27.300) 
[0.802] [11.100] 
Lateral (N=1) 10.036 - 177.600 - 
Posterior Medial (N=3) 0.882 (±1.333) 9.420 (±11.970) 
[0.770] [6.910] 
Lateral (N=3) 0.362 (±0.461) 4.400 (±4.330) 
[0.266] 12.5001 
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Radial 
RADIAL 	Location Menisci A (±SD) B (±SD) 
Injury 	 All Medial (N=13) 1.932 (±2.150) 10.983 (±3.543) 
[0.573] [1.030] 
Lateral (N=0) - - - - 
Anterior Medial (N=2) 1.212 (±1.120) 16.592 (±3.357) 
[0.792] [2.370] 
Lateral (N=0) - - - - 
Mid-Anterior Medial (N=1) 0.116 - 11.738 - 
Lateral (NO) - - - - 
Central Medial (N=9) 2.535 (±2.389) 9.793 (±2.563) 
[0.844] [0.906] 
Lateral (N=0) - - - - 
Mid-Posterior Medial (N=1) 0.365 - 8.531 - 
Lateral (N=0) - - - - 
Posterior Medial (N=0) - - - - 
Lateral (N0) - - - - 
Arthritic 	 All Medial (N=23) 0.193 (±0.445) 15.441 (±4.268) 
[0.093] [0.890] 
Lateral (N=5) 0.363 (±0.709) 15.800 (±6.450) 
[0.317] [2.880] 
Anterior Medial (N=4) 0.049 (±0.058) 15.480 (±5.260) 
[0.029] [2.630] 
Lateral (N=2) 0.079 (±0.007) 13.770 (±2.760) 
[0.005] [1.950] 
Mid-Anterior Medial (N=4) 0.017 (±0.018) 18.122 (±4.416) 
[0.009] [2.210] 
Lateral (N=1) 0.002 - 20.690 - 
Central Medial (N=5) 0.036 (±0.016) 16.931 (±3.644) 
[0.007] [1.630] 
Lateral (N=1) 1.630 - 7.443 - 
Mid-Posterior Medial (N=6) 0.458 (±0.814) 12.864 (±4.019) 
[0.333] [1.640] 
Lateral (N=1) 0.027 - 23.319 - 
Posterior Medial (N=4) 0.313 (±0.268) 14.720 (±3.805) 
[0.134] [1.900] 
Lateral (N0) - - - - 
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RADIAL 	Location Menisci AB (±SD) AB 2 (±SD) 
[SEMI [SEMI 
Injury 	 All Medial (N=13) 17.86 (±15.700) 194.600 (±195.400) 
[4.350] [54.200] 
Lateral (N=0) - - - - 
Anterior Medial (N=2) 22.000 (±22.600) 403.000 (±450.000) 
[16.000] [318.000] 
Lateral (N=0) - - - - 
Mid-Anterior Medial (N=1) 1.358 - 15.938 - 
Lateral (N0) - - - - 
Central Medial (N=9) 22.090 (±15.400) 205.400 (±109.400) 
[5.450] [38.700] 
Lateral (N0) - - - - 
Mid-Posterior Medial (N=1) 3.116 - 26.582 - 
Lateral (N=0) - - - - 
Posterior Medial (N=0) - - - - 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=23) 1.861 (±2.806) 21.770 (±25.690) 
[0.585] [5.360] 
Lateral (N=5) 2.990 (±5.130) 27.200 (±35.900) 
[2.290] [16.100] 
Anterior Medial (N=4) 0.670 (±0.932) 9.950 (±15.290) 
[0.466] [7.650] 
Lateral (N=2) 1.073 (±0.126) 14.950 (±4.700) 
[0.089] [3.330] 
Mid-Anterior Medial (N=4) 0.263 (±0.308) 4.300 (±5.570) 
[0.154] [2.780] 
Lateral (N=1) 0.048 - 0.988 - 
Central Medial (N=5) 0.620 (±0.343) 11.110 (±7.310) 
[0.153] [3.270] 
Lateral (N=1) 12.135 - 90.328 - 
Mid-Posterior Medial (N=6) 3.360 (±4.120) 30.180 (±20.860) 
[1.680] [8.520] 
Lateral (N=1) 0.627 - 14.629 - 
Posterior Medial (N=4) 3.960 (±3.180) 51.700 (±40.700) 
[1.590] [20.400] 
Lateral (N=0) - - - - 
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C.2 Knee Variation 
AXIAL 	Location Menisci Knee B (±SD) [SEMJ 
Injury All All Right (N=38) 2.587 (±2.699) 7.557 (±2.346) 
(0.438] [0.381] 
Left (N=10) 0.590 (±0.484) 11.280 (±3.730) 
[0.153] [1.180] 
A All Right (N=11) 2.307 (±2.854) 7.952 (±1.715) 
[0.860] [0.517] 
Left (N=5) 0.612 (±0.482) 10.180 (±2.670) 
(0.215] [1.200] 
Medial Right (N=11) 2.307 (±2.854) 7.952 (±1.715) 
[0.860] [0.517] 
Left (N=5) 0.612 (±0.482) 10.180 (±2.670) 
[0.215] [1.200] 
Lateral Right (N=0) - - - 
Left (N=0) - - - 
MA All Right (N=10) 4.110 (±3.200) 6.610 (±1.887) 
[1.010] [0.597] 
Left (N=2) 0.957 (±0.693) 10.540 (±0.212) 
[0.490] [0.150] 
Medial Right (N=9) 4.300 (±3.330) 6.610 (±2.002) 
[1.110] [0.667] 
Left (N=2) 0.957 (±0.693) 10.540 (±0.212) 
[0.490] (0.150] 
Lateral Right (N=1) 2.418 - 6.612 - 
Left (N=0) - - - - 
C All Right (N=9) 1.048 (±0.941) 8.490 (±3.280) 
[0.314] [1.090] 
Left (N=3) 0.307 (±0.305) 13.610 (±6.030) 
[0.176] [3.480] 
Medial Right (N=7) 0.719 (±0.596) 8.600 (±3.570) 
[0.225] [1.350] 
Left (N=3) 0.307 (±0.305) 13.610 (±6.030) 
[0.176] (3.480] 
Lateral Right (N=2) 2.201 (±1.239) 8.090 (±3.060) 
[0.876] [2.160] 
Left (N=0) - - - - 
MP All Right (N=6) 3.400 (±2.630) 7.010 (±2.680) 
(1.070] [1.090] 
Left (N0) - - - - 
Medial Right (N=5) 2.627 (±2.048) 7.630 (±2.480) 
[0.916] [1.110] 
Left (N=0) - - - - 
Lateral Right (N=1) 7.246 - 3.941 - 
Left (N=0) - - - - 
P All Right (N=2) 0.997 (±0.182) 7.705 (±0.099) 
[0.128] [0.070] 
Left (N=0) - - - - 
Medial Right (N=2) 0.997 (±0.182) 7.705 (±0.099) 
[0.128] [0.070] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
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AXIAL 	Location Menisci Knee AB (±SD) [SEM] AB' (±SD) [SEM] 
Injury All All Right (N=38) 16.650 (±16.910) 113.700 (±117.000) 
[2.740] (19.000] 
Left (N=10) 5.830 (±4.260) 60.600 (±40.000) 
[1.350) [12.700] 
A All Right (N=11) 15.670 (±17.280) 109.900 (±109.000) 
[5.210] [32.900] 
Left (N=5) 5.530 (±3.490) 51.900 (±25.100) 
[1.560] [11.200] 
Medial Right (N=11) 15.670 (±17.280) 109.900 (±109.000) 
[5.210] [32.900] 
Left (N=5) 5.530 (±3.490) 51.900 (±25.100) 
[1.560] [11.200] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MA All Right (N=10) 26.130 (±23.110) 175.400 (±176.800) 
[7.310] [55.900] 
Left (N=2) 10.020 (±7.100) 104.800 (±72.800) 
[5.020] [51.400] 
Medial Right (N=9) 27.260 (±24.220) 183.200 (±185.700) 
[8.070] [61.900] 
Left (N=2) 10.020 (±7.100) 104.800 (±72.800) 
[5.020] [51.400] 
Lateral Right (N=1) 15.985 - 105.686 - 
Left (N=0) - - - 
C All Right (N=9) 7.940 (±6.200) 65.300 (±51.200) 
[2.070] [17.100] 
Left (N=3) 3.520 (±2.520) 45.600 (±28.800) 
[1.460] [16.600] 
Medial Right (N=7) 5.660 (±4.720) 48.700 (±44.300) 
[1.780] [16.700] 
Left (N=3) 3.520 (±2.520) 45.600 (±28.800) 
[1.460] [16.600] 
Lateral Right (N=2) 15.910 (±3.300) 123.700 (±22.000) 
[2.330] [15.500] 
Left (N=0) - - - - 
MP All Right (N=6) 18.690 (±11.790) 108.300 (±63.500) 
[4.820] [25.900] 
Left (N=0) - - - - 
Medial Right (N=5) 16.710 (±12.030) 107.400 (±71.000) 
[5.380] [31.700] 
Left (N=0) 	 - - 	 - - 
Lateral 	Right (N=1) 	28.558 - 	 112.543 - 
Left (N=0) 	 - - 	 - - 
P 	All 	Right (N=2) 	7.672 (±1.301) 	59.050 (±9.260) 
[0.920] [6.550] 
Left (N=0) 	 - - 	 - - 
Medial 	Right (N=2) 	7.672 (±1.301) 	59.050 (±9.260) 
[0.920] [6.550] 
Left (N=0) 	 - - 	 - - 
Lateral 	Right (N=0)  
Left (N=0) 	 - - 	 - - 
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AXIAL 	Location Menisci Knee A (±SD) [SEM] B (±SD) 
Arthritic All All Right (N41) 0.377 (±0.506) 13.092 (±6.079) 
[0.079] [0.949] 
Left (N=38) 0.911 (±1.055) 9.020 (±3.267) 
[0.171) [0.530] 
A All Right (N=1 1) 0.627 (±0.671) 14.430 (±7.730) 
[0.202] [2.330] 
Left (N=6) 0.513 (±0.336) 8.210 (±2.530) 
[0.137] [1.030] 
Medial Right (N=8) 0.433 (±0.454) 15.410 (±8.910) 
[0.161] [3.150] 
Left (N=3) 0.504 (±0.208) 6.610 (±1.910) 
[0.120] [1.100] 
Lateral Right (N=3) 1.142 (±0.989) 11.840 (±2.620) 
[0.571] [1.520] 
Left (N=3) 0.521 (±0.488) 9.810 (±2.160) 
[0.282] [1.250] 
MA All Right (N=5) 0.221 (±0.212) 15.130 (±6.340) 
[0.095] [2.840] 
Left (N=9) 0.695 (±0.886) 10.400 (±4.800) 
[0.295] [1.600] 
Medial Right (N=3) 0.090 (±0.134) 17.290 (±7.270) 
[0.078] [4.190] 
Left (N=6) 0.140 (±0.140) 12.990 (±3.520) 
[0.057] [1.440] 
Lateral Right (N=2) 0.417 (±0.123) 11.890 (±4.520) 
[0.087] [3.200] 
Left (N=3) 1.804 (±0.566) 5.221 (±0.880) 
[0.327] [0.508] 
C All Right (N=8) 0.341 (±0.668) 13.450 (±4.970) 
[0.236] [1.760] 
Left (N=12) 0.838 (±0.543) 8.988 (±2.731) 
[0.157] [0.788] 
Medial Right (N=5) 0.060 (±0.070) 16.280 (±3.740) 
(0.0311 [1.670] 
Left (N=6) 0.774 (±0.681) 8.752 (±1.163) 
[0.278] [0.475] 
Lateral Right (N=3) 0.809 (±1.014) 8.740 (±2.230) 
[0.585] [1.290] 
Left (N=6) 0.903 (±0.417) 9.220 (±3.860) 
[0.170] [1.580] 
MP All Right (N=7) 0.354 (±0.289) 9.188 (±2.006) 
[0.109] [0.758] 
Left (N=3) 0.369 (±0.118) 8.162 (±0.797) 
[0.068] [0.460] 
Medial Right (N=3) 0.387 (±0.099) 7.938 (±0.565) 
[0.057] [0.326] 
Left (N=3) 0.369 (±0.118) 8.162 (±0.797) 
[0.068] [0.460] 
Lateral Right (N=4) 0.329 (±0.398) 10.130 (±2.260) 
[0.199] [1.130] 
Left (N=0) - - - - 
P 	All 	Right(N=10) 0.225 (±0.311) 13.040 (±6.450) 
[0.099] [2.040] 
Left (N=8) 1.766 (±1.810) 8.440 (±3.150) 
[0.640] [1.110] 
Medial 	Right (N=5) 0.342 (±0.421) 10.630 (±5.040) 
[0.188] [2.250] 
Left (N=6) 2.047 (±2.038) 8.400 (±3.730) 
[0.832] [1.520] 
Lateral 	Right (N=5) 0.109 (±0.082) 15.460 (±7.330) 
[0.037] [3.280] 
Left (N=2) 0.925 (±0.532) 8.579 (±0.306) 
[0.376] 10.2171 
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AXIAL 	Location Menisci Knee AB (±SD) [SEM] AB2 (±SD) [SQ 
Arthritic All All Right (N=41) 3.582 (±4.720) 37.260 (±50.280) 
[0.737] [7.850] 
Left (N=38) 6.720 (±6.280) 56.160 (±58.000) 
[1.0201 [9.410] 
A All Right (N=11) 6.140 (±6.680) 67.100 (±75.000) 
[2.010] [22.600] 
Left (N=6) 4.300 (±3.890) 38.700 (±45.800) 
[1.590] [18.700] 
Medial Right (N=8) 3.700 (±3.750) 37.200 (±33.300) 
[1.320] [11.800] 
Left (N=3) 3.420 (±1.970) 34.200 (±17.400) 
[1.140] [10.000] 
Lateral Right (N=3) 12.650 (±9.290) 146.700 (±105.600) 
[5.360] [61 .000] 
Left (N=3) 5.180 (±5.620) 53.200 (±65.700) 
[3.250] [37.900] 
MA All Right (N=5) 2.700 (±3.030) 34.900 (±46.100) 
[1.350] [20.600] 
Left (N=9) 4.160 (±4.490) 28.490 (±21.600) 
[1.500] [7.200] 
Medial Right (N=3) 1.011 (±1.406) 11.650 (±14.520) 
[0.812] [8.380] 
Left (N=6) 1.470 (±0.923) 17.100 (±7.610) 
[0.377] [3.110] 
Lateral Right (N=2) 5.240 (±3.350) 39.800 (±63.500) 
[2.370] [44.900] 
Left (N=3) 9.550 (±3.630) 51.300 (±23.500) 
[2.100] [13.600] 
C All Right (N=8) 3.240 (±5.830) 32.400 (±50.700) 
[2.060] (17.900] 
Left (N=12) 7.530 (±5.630) 75.100 (±75.700) 
[1.630] [21.900] 
Medial Right (N=5) 0.877 (±0.993) 13.010 (±14.080) 
[0.444] [6.300] 
Left (N=6) 6.710 (±6.610) 61.300 (±61.300) 
[2.700] [25.000] 
Lateral Right (N=3) 7.190 (±8.920) 64.600 (±78.100) 
[5.150] [45.100] 
Left (N=6) 8.350 (±4.940) 88.800 (±91.600) 
[2.020] [37.400] 
MP All Right (N=7) 2.929 (±2.039) 25.170 (±15.900) 
[0.771] [6.010] 
Left (N=3) 3.047 (±1.096) 25.290 (±10.370) 
[0.633] [5.990] 
Medial Right (N=3) 3.071 (±0.822) 24.460 (±7.400) 
[0.474] [4.270] 
Left (N=3) 3.047 (±1.096) 25.290 (±10.370) 
[0.633] [5.990] 
Lateral Right (N=4) 2.820 (±2.800) 25.700 (±21.600) 
[1.400] (10.800] 
Left (N0) - - - - 
P 	All 	Right (N=10) 1.932 (±2.085) 18.000 (±15.530) 
[0.659] [4.910] 
Left (N=8) 11.580 (±8.770) 83.600 (±59.900) 
[3.100] [21.200] 
Medial 	Right (N=5) 2.560 (±2.810) 19.830 (±19.140) 
[1.250] [8.560] 
Left (N=6) 12.760 (±9.810) 88.300 (±67.300) 
[4.000] [27.500] 
Lateral 	Right (N=5) 1.307 (±0.964) 16.180 (±12.960) 
[0.431] [5.790] 
Left (N=2) 8.010 (±4.840) 69.500 (±44.000) 
[3.430] F31.1001 
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CIRC 	Location Menisci Knee A (±SD) [SEM] B (±SD) [SEM] 
Injury All All Right (N=6) 0.533 (±0.498) 13.560 (±6.440) 
[0.203] [2.630] 
Left (N=3) 0.038 (±0.031) 16.650 (±4.860) 
[0.018] [2.810] 
A All Right (N=3) 0.256 (±0.117) 17.520 (±6.980) 
[0.067] (4.030] 
Left (N=0) - - - - 
Medial Right (N=3) 0.256 (±0.117) 17.520 (±6.980) 
[0.067] [4.030] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MA All Right (N=0) - - - - 
Left (N=3) 0.038 (±0.031) 16.650 (±4.860) 
[0.018] [2.810] 
Medial Right (N=0) - - - - 
Left (N=3) 0.038 (±0.031) 16.650 (±4.860) 
[0.018] [2.810] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=1) 0.132 - 11.788 - 
Left (N=0) - - - - 
Medial Right (N=1) 0.132 - 11.788 - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MP All Right (N=2) 1.148 (±0.258) 8.490 (±2.880) 
[0.183] [2.030] 
Left (N=0) - - - - 
Medial Right (N=2) 1.148 (±0.258) 8.490 (±2.880) 
[0.183] [2.030] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
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Appendix C - Compression Test Data 
CIRC 	Location Menisci Knee AB (±SD) [SEMI AB2 
Injury All All Right (N=6) 5.870 (±3.790) 81.800 (±72.200) 
[1.550] [29.500] 
Left (N=3) 0.551 (±0.316) 8.320 (±2.670) 
[0.182] [1.540] 
A All Right (N=3) 4.960 (±3.540) 103.300 (±98.300) 
[2.040] [56.700] 
Left (N=0) - - - - 
Medial Right (N=3) 4.960 (±3.540) 103.300 (±98.300) 
[2.040] [56.700] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MA All Right (N=0) - - - - 
Left (N=3) 0.551 (±0.316) 8.320 (±2.670) 
[0.182] [1.540] 
Medial Right (N=0) - - - - 
Left (N=3) 0.551 (±0.316) 8.320 (±2.670) 
[0.182] [1.540] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=1) 1.561 - 18.403 - 
Left (N=0) - - - - 
Medial Right (N=1) 1.561 - 18.403 - 
Left (N=0) - - - - 
Lateral Right (N=0)  
Left (N=0) - - - - 
MP All Right (N=2) 9.376 (±1.109) 81.200 (±36.400) 
[0.784] [25.700] 
Left (N=0) - - - - 
Medial Right (N=2) 9.376 (±1.109) 81.200 (±36.400) 
[0.784] [25.700] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
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CIRC 	Location Menisci Knee A (±SD) [SEM] B (±SD) [SEL 
Arthritic All All Right (N=13) 0.040 (±0.094) 20.110 (±7.070) 
[0.026] [1.960] 
Left (N=12) 0.181 (±0.248) 15.970 (±5.520) 
[0.072] [1.590] 
A All Right (N=1) 0.004 - 14.375 - 
Left (N=3) 0.035 (±0.059) 15.760 (±2.140) 
[0.034] [1.240] 
Medial Right (N0) - - - - 
Left (N=2) 0.001 (±0.000) 15.760 (±3.030) 
[0.000] [2.140] 
Lateral Right (N=1) 0.004 - 14.375 - 
Left (N=1) 0.992 - 0.104 - 
MA All Right (N=2) 0.002 (±0.000) 19.285 (±1.334) 
[0.000] [0.943] 
Left (N=0) - - - - 
Medial Right (N=2) 0.002 (±0.000) 19.285 (±1.334) 
[0.000] [0.943] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=5) 0.062 (±0.132) 16.960 (±5.860) 
[0.059] [2.620] 
Left (N1) 0.739 - 15.845 - 
Medial Right (N=4) 0.076 (±0.147) 16.000 (±6.300) 
[0.074] [3.150] 
Left (N=0) - - - - 
Lateral Right (N=1) 0.004 - 20.807 - 
Left (N=1) 0.739 - 15.845 - 
MP All Right (N=3) 0.066 (±0.114) 23.910 (±6.970) 
[0.066] [4.020] 
Left (N=4) 0.242 (±0.264) 19.470 (±4.680) 
[0.132] [2.340] 
Medial Right (N=3) 0.066 (±0.114) 23.910 (±6.970) 
[0.066] [4.020] 
Left (N=3) 0.133 (±0.184) 20.070 (±5.540) 
[0.106] [3.200] 
Lateral Right (N=0) - - - - 
Left (N=1) 0.567 - 17.697 - 
P All Right (N=2) 0.002 (±0.001) 25.950 (±12.970) 
[0.0001] [9.170] 
Left (N=4) 0.091 (±0.115) 12.660 (±7.460) 
[0.057] [3.730] 
Medial Right (N=1) 0.001 - 16.784 - 
Left (N=2) 0.132 (±0.173) 16.600 (±10.030) 
[0.123] [7.090] 
Lateral Right (N=1) 0.003 - 35.123 - 
Left (N=2) 0.050 (±0.052) 8.730 (±2.140) 
[0.037] [1.510] 
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CIRC 	Location Menisci Knee AB (±SD) [SEM] AB' (±SD) [S]_ 
Arthritic All All Right (N= 13) 0.439 (±0.989) 5.840 (±13.940) 
[0.274) [3.870] 
Left (N=12) 2.750 (±4.040) 43.400 (±67.000) 
[1.170] [19.300] 
A All Right (N=1) 0.057 - 0.815 - 
Left (N=3) 0.559 (±0.933) 8.820 (±14.720) 
[0.539] [8.500] 
Medial Right (N=0) - - - - 
Left (N=2) 0.020 (±0.006) 0.322 (±0.153) 
[0.004] [0.108] 
Lateral Right (N1) 0.057 - 0.815 - 
Left (N=1) 1.636 - 25.814 - 
MA All Right (N=2) 0.031 (±0.088) 0.609 (±0.197) 
[0.006] [0.139] 
Left (N=0) - - - - 
Medial Right (N=2) 0.031 (±0.088) 0.609 (±0.197) 
(0.006] [0.139] 
Left (N=O) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=5) 0.454 (±0.894) 3.730 (±5.880) 
[0.400] [2.630] 
Left (N=1) 11.706 - 185.49 - 
Medial Right (N=4) 0.549 (±1.004) 4.260 (±6.650) 
[0.502] [3.330] 
Left (N=0) - - - - 
Lateral Right (N=1) 0.077 - 1.597 - 
Left (N=1) 11.706 - 185.49 - 
MP All Right (N=3) 1.070 (±1.810) 17.200 (±28.800) 
[1.050] [16.700] 
Left (N=4) 4.000 (±4.470) 67.800 (±77.100) 
[2.230] [38.600] 
Medial Right (N=3) 1.070 (±1.810) 17.200 (±28.800) 
[1.050] [16.700] 
Left (N=3) 1.990 (±2.390) 31.200 (±29.700) 
[1.380] [17.100] 
Lateral Right (N=0) - - - - 
Left (N=1) 10.036 - 177.603 - 
P All Right (N=2) 0.055 (±0.058) 1.790 (±2.100) 
[0.041] [1.560] 
Left (N=4) 0.906 (±1.067) 9.480 (±9.630) 
[0.533] [4.810] 
Medial Right (N=1) 0.014 - 0.227 - 
Left (N=2) 1.320 (±1.560) 14.020 (±12.640) 
[1.100] [8.940] 
Lateral Right (N=1) 0.095 - 3.350 - 
Left (N=2) 0.496 (±0.563) 4.930 (±5.980) 
[0.398] (0] 
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x C - Compression Test Data 
RADIAL 	Location Menisci Knee A (±SD) [SEM] B (±SD) [L 
Injury All All Right(N=12) 1.932 (±2.150) 10.930 (±3.540) 
[0.621] [1.020] 
Left (N=0) . 	 - - - - 
A All Right (N=2) 1.212 (±1.120) 16.590 (±3.360) 
[0.792] [2.370] 
Left (N=0) - - - - 
Medial Right (N=2) 1.212 (±1.120) 16.590 (±3.360) 
[0.792] [2.370] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MA All Right (N=1) 0.116 - 11.738 - 
Left (N=0) - - - - 
Medial Right (N1) 0.116 - 11.738 - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=8) 2.535 (±2.387) 9.793 (±2.563) 
[0.844] [0.906] 
Left (N=0) - - - - 
Medial Right (N=8) 2.535 (±2.387) 9.793 (±2.563) 
[0.844] [0.906] 
Left (N=0) - - - - 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
MP All Right (N=1) 0.365 - 8.531 - 
• Left (N=0) - - - - 
Medial Right (N1) 0.365 - 8.531 - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
• Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
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Appendix C - Compression Test Data 
RADIAL 	Location Menisci Knee AB (±SD) [SEM] AB2 (±SD) [SEMI 
Injury All All Right (N=12) 18.760 (±16.040) 207.600 (±198.100) 
[4.630] [57.200] 
Left (N=0) - - - - 
A All Right (N=2) 22.000 (±22.600) 403 (±450) 
[16.000] [318] 
Left (N=0) - - - - 
Medial Right (N2) 22.000 (±22.600) 403 (±450) 
[16.000] [318] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MA All Right (N=1) 1.358 - 15.938 - 
Left (N=0) - - - - 
Medial Right (N=1) 1.358 - 15.938 - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=8) 22.090 (±15.400) 205.400 (±109.400) 
[5.450] [38.700] 
Left (N=0) - - - - 
Medial Right (N=8) 22.090 (±15.400) 205.400 (±109.400) 
[5.450] [38.700] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
MP All Right (N=1) 3.116 - 26.582 - 
Left (N=0) - - - - 
Medial Right (N=1) 3.116 - 26.582 - 
Left (N=0) - - - - 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table C.105 Calculated values of AB and AB2 ; Knee variation in injured meniscus; Radial. 
Robert Moran 	 - 	369 
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RADIAL 	Location Menisci Knee A (±SD) [SEM] B (±SD) [J 
Arthritic All All Right (N13) 0.076 (±0.148) 16.610 (±4.860) 
[0.041] [1.350] 
Left (N=15) 0.352 (±0.638) 14.550 (±4.260) 
[0.165] [1.100] 
A All Right (N=4) 0.035 (±0.036) 15.390 (±5.250) 
[0.018] [2.630] 
Left (N=2) 0.105 (±0.031) 13.940 (±3.010) 
[0.022] [2.130] 
Medial Right (N=3) 0.022 (±0.031) 15.280 (±6.430) 
[0.018] [3.710] 
Left (N=1) 0.127 - 16.073 - 
Lateral Right (N=1) 0.074 - 15.723 - 
Left (N=1) 0.083 - 11.816 - 
MA All Right (N=4) 0.009 (±0.014) 18.670 (±4.010) 
[0.007] [2.310] 
Left (N=1) 0.036 - 18.496 - 
Medial Right (N=3) 0.011 (±0.017) 18.000 (±5.400) 
[0.010] [3.120] 
Left (N=1) 0.036 - 18.496 - 
Lateral Right (N=1) 0.002 - 20.690 - 
Left (N=0) - - - - 
C All Right (N=1) 0.021 - 11.242 - 
Left (N=5) 0.357 (±0.712) 16.170 (±5.190) 
[0.318] [2.320] 
Medial Right (N=1) 0.021 - 11.242 - 
Left (N=4) 0.039 (±0.016) 18.350 (±2.050) 
[0.008] [1.030] 
Lateral Right (N=0) - - - - 
Left (N=1) 1.630 - 7.443 - 
MP All Right (N=2) 0.108 (±0.115) 17.430 (±8.330) 
[0.081] [5.890] 
Left (N=5) 0.512 (±0.899) 13.130 (±4.430) 
[0.402] [1.980] 
Medial Right (N=1) 0.190 - 11.534 - 
Left (N=5) 0.512 (±0.899) 13.130 (±4.430) 
[0.402] [1.980] 
Lateral Right (N=1) 0.027 - 23.319 - 
Left (N=0) - - - - 
P All Right (N=2) 0.286 (±0.356) 16.780 (±3.830) 
[0.252] [2.710] 
Left (N=2) 0.341 (±0.293) 12.660 (±3.440) 
[0.207] [2.430] 
Medial Right (N=2) 0.286 (±0.356) 16.780 (±3.830) 
[0.252] [2.710] 
Left (N=2) 0.341 (±0.293) 12.660 (±3.440) 
(0.207] [2.430] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table C.106 Regression model parameters A and B; Knee variation in arthritic meniscus; 
Radial. 
Robert Moran 	 370 
Appendix C - Compression Test Data 
RADIAL 	Location Menisci Knee AB (±SD) [SEM] AB  (±SD) [S]_ 
Arthritic All All Right (N=13) 1.040 (±2.050) 14.850 (±28.630) 
[0.569] [7.940] 
Left (N=15) 2.950 (±3.853) 29.560 (±24.570) 
[0.995] [6.340] 
A All Right (N=4) 0.450 (±0.507) 6.310 (±8.040) 
[0.253] [4.020] 
Left (N=2) 1.513 (±0.749) 22.200 (±15.000) 
[0.530] [10.600] 
Medial Right (N=3) 0.212 (±0.217) 2.323 (±1.229) 
[0.125] [0.710] 
Left (N=1) 2.043 - 32.838 - 
Lateral Right (N=1) 1.162 - 18.274 - 
Left (N=1) 0.984 - 11.622 - 
MA All Right (N=4) 0.110 (±0.164) 1.498 (±1.843) 
[0.082] [0.922] 
Left (N=1) 0.659 - 12.194 - 
Medial Right (N=3) 0.131 (±0.194) 1.670 (±2.220) 
[0.112] [1.280] 
Left (N=1) 0.659 - 12.194 - 
Lateral Right (N=1) 0.048 - 0.988 - 
Left (N=0) - - - - 
C All Right (N=1) 0.240 - 2.698 - 
Left (N=5) 3.000 (±5.110) 28.600 (±34.900) 
[2.290] (15.600] 
Medial Right (N=1) 0.240 - 2.698 - 
Left (N=4) 0.715 (±0.311) 13.210 (±6.460) 
[0.155] [3.230] 
Lateral Right (N0) - - - - 
Left (N=1) 12.135 - 90.328 - 
MP All Right (N=2) 1.408 (±1.104) 19.940 (±7.500) 
[0.780] [5.310] 
Left (N=5) 3.590 (±4.560) 31.200 (±23.200) 
[2.040] [10.400] 
Medial Right (N=1) 2.188 - 25.241 - 
Left (N=5) 3.590 (±4.560) 31.200 (±23.200) 
[2.040] [10.400] 
Lateral Right (N=1) 0.627 - 14.629 - 
Left (N=0) - - - - 
P All Right (N=2) 4.110 (±4.870) 59.600 (±66.100) 
[3.540] [46.700] 
Left (N=2) 3.810 (±2.540) 43.900 (±19.000) 
[1.800] [13.500] 
Medial Right (N=2) 4.110 (±4.870) 59.600 (±66.100) 
[3.540] [46.700] 
Left (N=2) 3.810 (±2.540) 43.900 (±19.000) 
[1.800] [13.500] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
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C.3 Gender Variations 
AXIAL 	Location Meniscus Knee Gender A (±SD) B (±SD) 
[SEMI [SE] 
Injury 	 All All All Male (N=39) 2.193 (±2.622) 8.335 (±3.001) 
[0.420] [0.481] 
Female (N=16) 2.663 (±3.571) 8.665 (±3.700) 
[0.893] [0.925] 
A All All Male (N=14) 1.983 (±2.594) 8.364 (±2.276) 
[0.693] [0.608] 
Female (N=2) 0.334 (±0.036) 10.476 (±0.529) 
[0.025] [0.374] 
MA All All Male (N=9) 4.090 (±3.470) 7.582 (±2.541) 
[1.160] [0.847] 
Female (N=3) 2.074 (±1.350) 6.313 (±1.129) 
[0.779] [0.652] 
C All All Male (N=9) 0.647 (±0.551) 9.570 (±4.700) 
[0.184] [1.570] 
Female (N=3) 1.509 (±1.485) 10.350 (±4.480) 
[0.857] [2.580] 
MP All All Male (N=5) 2.627 (±2.048) 7.630 (±2.480) 
[0.916] [1.110] 
Female (N=1) 7.247 - - 
P 	All 	All 	Male (N=2) 
Female (N=0) 
0.997 	(±0.182) 	7.705 	(±0.099) 
	
[0.128] [0.070] 
Arthritic 	All All All Male (N=27) 0.311 (±0.428) 13.580 (±6.380) 
[0.082] [1.230] 
Female (N=52) 0.802 (±0.970) 9.863 (±4.191) 
[0.135] [0.581] 
A All All Male (N=6) 0.232 (±0.412) 19.820 (±6.340) 
[0.168] [2.590] 
Female (N=11) 0.780 (±0.557) 8.102 (±2.138) 
[0.168] [0.645] 
MA All All Male (N=7) 0.234 (±0.180) 12.090 (±3.230) 
[0.068] [1.220] 
Female (N=7) 0.817 (±0.983) 12.080 (±7.680) 
[0.372] [2.900] 
C All All Male (N=5) 0.625 (±0.790) 10.890 (±6.090) 
[0.353] [2.720] 
Female (N15) 0.644 (±0.601) 10.738 (±3.800) 
[0.155] [0.981] 
MP All All Male (N=5) 0.347 (±0.349) 8.783 (±1.958) 
[0.156] [0.876] 
Female (Nr5) 0.370 (±0.099) 8.977 (±1.746) 
[0.044] [0.781] 
P All All Male (N=4) 0.124 (±0.085) 16.180 (±8.260) 
[0.043] [4.130] 
Female (N14) 1.135 (±1.548) 9.520 (±3.880) 
[0.4141 F1.0401 
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AXIAL 	Location Meniscus Knee Gender AB (±SD) AB (±SD) 
[SEMI [SEMI 
Injury 	 All All All Male (N=39) 15.000 (±16.960) 108.90 (±117.000 
[2.720] [18.700] 
Female (N= 16) 15.900 (±14.010) 120.30 (±127.800) 
[3.500] [31.900] 
A All All Male (N=14) 13.790 (±15.690) 99.70 (±98.400) 
[4.190] [26.300] 
Female (N=2) 3.486 (±0.199) 36.47 (±0.240) 
[0.141] [0.170] 
MA All All Male (N=9) 27.200 (±24.210) 193.90 (±180.000) 
[8.070] [60.000] 
Female (N=3) 12.180 (±6.870) 73.10 (±38.300 
[3.960] [22.100] 
C All All Male (N=9) 5.370 (±4.260) 50.00 (±40.300) 
[1.420] [13.400] 
Female (N=3) 11.230 (±8.440) 91.70 (±57.500) 
[4.870] [33.200] 
MP All All Male (N=5) 16.710 (±12.030) 107.40 (±71.000) 
[5.380] [31.700] 
Female (N=1) 28.558 - 112.54 - 
P All All Male (N=2) 7.672 (±1.301) 59.05 (±9.260) 
[0.920] [6.550] 
Female (N=0) 
Arthritic 	All All All Male (N=27) 3.208 (±4.278) 36.72 (±50.650) 
[0.823] [9.750] 
Female (N=52) 6.069 (±6.138) 51.36 (±56.380) 
[0.851] [7.8201 
A All All Male (N=6) 3.510 (±5.910) 55.40 (±84.500) 
[2.410] [34.500] 
Female (N=1 1) 6.570 (±5.690) 58.00 (±58.400) 
[1.710] [17.600] 
MA All All Male (N=7) 2.670 (±2.348) 33.10 (±36.600) 
[0.887] [13.800] 
Female (N=7) 4.610 (±5.140) 28.40 (±26.700) 
[1.940] [10.100] 
C All All Male (N=5) 5.540 (±7.040) 50.20 (±62.400) 
[3.150] [27.900] 
Female (N=15) 5.910 (±5.830) 60.60 (±72.600) 
[1.510] [18.700] 
MP All All Male (N=5) 2.640 (±2.420) 20.47 (±16.470) 
[1.080] [7.370] 
Female (N=5) 3.287 (±0.848) 29.95 (±10.290) 
[0.379] [4.600] 
P All All Male (N=4) 1.488 (±1.009) 18.41 (±13.810) 
[0.504] [6.910] 
Female (N14) 7.570 (±8.190) 55.40 (±56.600) 
12.1901 115.1001 
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CIRC. 	Location Meniscus Knee Gender A (±SD) B (±SD) 
[SEMI [SEMI 
Injury 	 All All All Male (N=8) 0.339 (±0.488) 15.040 (±6.080) 
[0.172] [2.150] 
Female (N=4) 0.169 (±0.060) 16.430 (±4.170) 
[0.030] [2.080] 
A All All Male (N=2) 0.322 (±0.022) 20.810 (±5.720) 
[0.016] [4.050] 
Female (N1) 0.123 - 10.948 - 




U cli talc i - j 	 - 	 - 	 - 	 - 
C 	All 	All 	Male (N=1) 	0.132 	 - 	11.788 	 - 
Female (N0) 	- 	 - 	- 	 - 
MP 	All 	All 	Male (N=2) 	1.148 	(±0.258) 	8.490 	(±2.880) 
[0.183] [2.030] 
Female (N0) 	- 	 - 	- 	 - 
P 	All 	All 	Male (N=0) 	- 	 - 	- 	 - 
Female (N=0) 	- 	 - 	- 	 - 
Arthritic 	All All All Male (N=8) 0.071 (±0.127) 16.740 (±8.610) 
[0.045] [3.040] 
Female (N=17) 0.125 (±0.221) 18.770 (±5.590) 
[0.054] [1.360] 
A All All Male (N=2) 0.003 (±0.002) 13.995 (±0.537) 
[0.001] [0.380] 
Female (N=2) 0.053 (±0.072) 16.840 (±1.500) 
[0.051] [1.060] 
MA All All Male (N=0) - - - - 
Female (N=2) 0.002 (±0.000) 19.285 (±1.334) 
[0.000] [0.943] 
C All All Male (N=3) 0.100 (±0.171) 14.850 (±7.160) 
[0.098] [4.130] 
Female (N=3) 0.249 (±0.425) 18.710 (±2.630) 
[0.245] [1.520] 
MP All All Male (N=0) - - - - 
Female (N=7) 0.166 (±0.219) 21.380 (±5.720) 
[0.083] [2.160] 
P All All Male (N=3) 0.086 (±0.146) 20.471 (±13.200) 
[0.084] [7.620] 
Female (N=3) 0.037 (±0.044) 13.720 (±8.770) 
[0.0251 15.0601 
Table C.110 Regression model parameters A and B; Gender variations; Circumferential 
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Appendix C - Compression Test Data 
CIRC. 	Location 	Meniscus 	Knee 	 Gender AB (±SD) AB2 (±SD) 
Injury 	 All 	All 	All 	Male (N=8) 4.440 (±4.140) 62.600 (±70.500) 
[1.460] [24.900] 
Female (N=4) 2.779 (±1.137) 47.500 (±22.900) 
[0.569] [11.500] 
A 	All 	All 	Male (N=2) 6.770 (±2.310) 147.50 (±86.800) 
[1.630] 0 [61 .400] 
Female (N=1) 1.341 - 14.685 - 
MA All All Male (N=3) 0.551 (±0.316) 8.320 (±2.670) 
[0.182] [1.540] 
Female (N=0) - - - - 
C All All Male (N=1) 1.561 - 18.403 - 
Female (N0) - - - - 
MP All All Male (N=2) 9.376 (±1.109) 81-200 (±36.400) 
[0.784] (25.700] 
Female (N=0) - - - - 
P All All Male (N=0) - - - - 
Female (N0) - - - - 
Arthritic 	All All All Male (N=8) 0.591 (±1.020) 5.420 (±8.520) 
[0.361] [3.010] 
Female (N17) 2.000 (±3.594) 32.600 (±59.100) 
[0.872] [14.300] 
A All All Male (N=2) 0.036 (±0.029) 0.514 (±0.425) 
[0.021] [0.301] 
Female (N=2) 0.830 (±1.140) 13.100 (±17.900) 
[0.806] [12.700] 
MA All All Male (N=0) - - - - 
Female (N=2) 0.031 (±0.008) 0.609 (±0.197) 
[0.006] [0.139] 
C All All Male (N=3) 0.710 (±1.164) 5.260 (±7.770) 
[0.672] [4.490] 
Female (N=3) 3.950 (±6.720) 62.800 (±106.300) 
[3.880] [61.400] 
MP All All Male (N=0) - - - - 
Female (N=7) 2.750 (±3.680) 46.100 (±63.100) 
[1.390] [23.800] 
P All All Male (N=3) 0.842 (±1.364) 8.850 (±12.320) 
[0.788] [7.400] 
Female (N=3) 0.402 (±0.430) 4.980 (±4.230) 
[0.248] (2.4401 
Table C.I 11 Calculated values of AB and AB 2 ; Gender variation; Circumferential. 
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Appendix C - Compression Test Data 
RADIAL 	Location Meniscus Knee Gender A (±SD) B (±SD) 
[SEM] (SEMJ 
Injury 	 All All All Male (N=10) 2.173 (±2.289) 10.810 (±3.730) 
[0.724] [1.180] 
Female (N=3) 0.919 (±0.450) 9.710 (±4.410) 
[0.260] [2.540] 
A All All Male (N=1) 2.004 - 18.966 - 
Female (N=1) 0.420 - 14.218 - 
MA All All Male (N=1) 0.116 - 11.738 - 
Female (N0) - - - - 
C All All Male (N=7) 2.749 (±2.494) 9.840 (±2.760) 
[0.943] [1.050] 
Female (N=1) 1.042 - 9.490 - 
MP All All Male (N=1) 0.365 - 8.531 - 
Female (N0) - - - - 
P All All Male (N=0) - - - - 
Female (N0) 
Arthritic 	All All All Male (N14) 0.060 (±0.067) 17.979 (±3.046) 
[0.018] [0.814] 
Female (N14) 0.388 (±0.661) 13.030 (±4.600) 
[0.177] [1.230] 
A All All Male (N=2) 0.040 (±0.048) 16.663 (±1.329) 
[0.034] [0.940] 
Female (N=4) 0.068 (±0.052) 14.030 (±5.280) 
[0.026] [2.640] 
MA All All Male (N=3) 0.001 (±0.001) 20.930 (±1.118) 
[0.001] [0.646] 
Female (N=2) 0.033 (±0.004) 15.190 (±4.670) 
[0.003] [3.300] 
C All All Male (N=4) 0.039 (±0.016) 18.350 (±2.050) 
[0.008] [1.030] 
Female (N=2) 0.826 (±1.138) 9.340 (±2.690) 
[0.805] [1.900] 
MP All All Male (N=4) 0.115 (±0.092) 16.770 (±4.450) 
[0.046] [2.230] 
Female (N=3) 0.773 (±1.164) 11.140 (±5.510) 
[0.672] [3.180] 
P All All Male (N=1) 0.134 - 15.094 - 
Female (N=3) 0.373 (±0.294) 14.600 (±4.650) 
10.1701 12.6801 
Table C.1 12 Regression model parameters A and B; Gender variations; Radial. 
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Appendix C - Compression Test Data 
RADIAL 	Location Meniscus Knee Gender AB (±SD) AB2 (±SD) 
[SEMI JL 
Injury 	 All All All Male (N=10) 20.930 (±16.800) 231.30 (±210.30) 
[5.310] [66.500] 
Female (N=3) 7.630 (±2.030) 72.300 (±30.000) 
[1.170] [17.300] 
A All All Male (N=1) 38.008 - 720.84 - 
Female (N=1) 5.978 - 84.992 - 
MA All All Male (N=1) 1.358 - 15.938 - 
	
Female (N=0) 	- 	 - 	- 	 - 
C 	All 	All 	Male (N=7) 23.830 	(±15.760) 221.40 	(±107.70) 
[5.960] 	 [40.700] 
Female (N=1) 	9.888 	 - 93.846 	 - 
MP 	All 	All 	Male (N=1) 	3.116 	 - 26.582 	 - 
Female (N=0) 	- 	 - 	- 	 - 
P 	All 	All 	Male (N=0) 	- 	 - 	- 	 - 
Female (N=0) 	- 	 - 	- 	 - 
Arthritic 	All All All Male (N14) 0.932 (±0.930) 14.910 (±13.150) 
[0.248] [3.510] 
Female (N=14) 3.190 (±4.270) 30.550 (±34.900) 
[1.140] [9.330] 
A All All Male (N=2) 0.636 (±0.744) 10.100 (±11.560) 
[0.526] [8.170] 
Female (N=4) 0.889 (±0.856) 12.380 (±14.330) 
[0.428] [7.170] 
MA All All Male (N=3) 0.029 (±0.022) 0.595 (±0.440) 
[0.013] [0.254] 
Female (N=2) 0.507 (±0.216) 8.200 (±5.650) 
[0.153] [3.990] 
C All All Male (N=4) 0.715 (±0.311) 13.210 (±6.460) 
[0.155] [3.230] 
Female (N=2) 6.190 (±8.410) 46.500 (±62.000) 
[5.950] [43.800] 
MP All All Male (N=4) 1.702 (±1.160) 25.880 (±14.060) 
[0.580] [7.030] 
Female (N=3) 4.650 (±6.010) 30.700 (±29.600) 
[3.470] [17.100] 
P All All Male (N=1) 2.015 - 30.415 - 
Female (N=3) 4.610 (±3.550) 58.900 (±46.700) 
[2.050] F27.0001 
Table C.1 13 Calculated values of AB and AB2 ; Gender variations; Radial 
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Appendix C - Compression Test Data 
C.4 Age 
Regression Model Parameters 
Axial 
Linear regression - All Axial 
Equation p 	 Trend with inc. age - 
A 3.10 - 0.0326 Age 0.000 	 - 
B 7.85 + 0.0401 Age 0.034 	 + 
AB 20.4-0.2O5Age 0.000 	 - 
AB  151-1.43Age 0.000 	 - 
r 0.998 -0.000027 Age 0.089 	 - 
S 3.25 - 0.00498 Age 0.473 	 - 
Table C.114 Regression model parameters; linear regression of all axial meniscal samples with 
age. 
Linear regression - Axial Injury 
Equation p 	 Trend with inc. age 
A 1.91 + 0.0131 Age 0.764 	 + 
B 11.6 - 0.0985 Age 0.036 	 - 
AB 16.5-0.038 Age 0.876 	 - 
AB  143 -0.98 Age 0.584 	 - 
r 1.00 -0.000243 Age 0.000 	 - 
S 2.44 + 0.0274 Age 0.327 	 + 
Table C.115 Regression model parameters; linear regression of axial injury meniscal samples 
with age. 
Linear regression - Axial Arthritic 
Equation p 	 Trend with inc. age 
A 0.659 - 0.00036 Age 0.965 	 - 
B 13.6 - 0.0348 Age 0.496 	 - 
AB 5.85 - 0.0108 Age 0.844 	 - 
AB2 68.6-0.3l9Age 0.544 	 - 
r 1.00 -0.000063 Age 0.066 	 - 
S 1.17 +0.0226Age 0.141 	 + 
Table C.116 Regression model parameters; linear regression of arthritic axial meniscal samples 
with age. 
Robert Moran 378 
Appendix C - Compression Test Data 
Circumferential 
Linear regression - All Circumferential 
Equation p 	 Trend with inc. age 
A 	 0.429-0.00474 Age 0.041 	 - 
B 	 15.5+0.O34OAge 0.503 	 + 
AB 	 5.51 -0.0602 Age 0.021 	 - 
AB2 	 83.9 - 0.922 Age 0.031 	 - 
r 	 0.998 +0.000008 Age 0.537 	 + 
S 	 5.21 - 0.0404 Age 0.001 	 - 
Table C.117 Regression model parameters; linear regression of all circumferential meniscal 
samples with age. 
Linear regression - Circumferential Injury 
Equation p Trend with inc. age 
A - 0.319 + 0.0224 Age 0.194 + 
B 13.4+0.O72Age 0.760 + 
AB - 4.62 + 0.297 Age 0.029 + 
AB! - 78.0 + 4.73 Age 0.041 + 
r 0.996+0.000lOOAge 0.216 + 
S 5.79-0.0493 Age 0.565 - 
Table C.1 18 Regression model parameters; linear regression of injury circumferential meniscal 
samples with age. 
Linear regression - Circumferential Arthritic 
Equation p 	 Trend with inc. age 
A 0.468 - 0.00555 Age 0.055 	 - 
B 22.2 - 0.0624 Age 0.538 	 - 
AB 7.89 - 0.0975 Age 0.030 	 - 
AB2 132 - 1.66 Age 0.024 	 - 
r 0.997 +0.000016 Age 0.469 	 + 
S 2.94 - 0.0078 Age 0.630 	 - 
Table C.119 Regression model parameters; linear regression of arthritic circumferential 
meniscal samples with age. 
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Appendix C - Compression Test Data 
Radial 
Linear regression - All Radial 
Equation —p 	 Trend with inc. age 
A 2.84 - 0.0374 Age 0.000 	 - 
B 4.60 + 0.167 Age 0.000 	 + 
AB 25.7 - 0.333 Age 0.000 	 - 
AB2 266-3.38Age 0.001 	 - 
r 0.999 +0.000006 Age 0.525 	 + 
S 4.25 - 0.0328 Age 0.000 	 - 
Table C.120 Regression model parameters; linear regression of all radial meniscal samples with 
age. 
Linear regression - Radial Injury 
Equation p 	 Trend with inc. age 
A 2.85-0.O3OAge 0.785 	 - 
B 3.62+0.2l7Age 0.264 	 + 
AB 24.5 - 0.207 Age 0.806 	 - 
AB2 228 - 1.0 Age 0.922 	 - 
r 0.999 -0.000008 Age 0.913 	 - 
S 2.08 + 0.0441 Age 0.541 	 + 
Table C.121 Regression model parameters; linear regression of injury radial meniscal samples 
with age. 
Linear regression - Radial Arthritic 
Equation p 	 Trend with inc. age 
A 1.28-0.0158 Age 0.020 	 - 
B 0.86+0.2l9Age 0.000 	 + 
AB 7.59 - 0.0826 Age 0.072 	 - 
AB2 36.2-0.2O2Age 0.610 	 - 
r 0.998 +0.000020 Age 0.215 	 + 
S 2.76-0.Ol25Age 0.251 	 - 
Table C.122 Regression model parameters; linear regression of arthritic radial meniscal 
samples with age. 
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Appendix C - Compression Test Data 
Material Properties 
Axial 
Linear regression - All Axial 
Equation p Trend with inc. age 
Young's modulus 5% 29.8 - 0.292 Age 0.000 - 
Young's modulus 10% 44.9 - 0.427 Age 0.000 - 
Young's modulus 15% 69.9- 0.641 Age 0.001 - 
Young's modulus 20% 113- 0.987 Age 0.010 - 
Young's modulus 25% 193 - 1.53 Age 0.077 - 
Young's modulus 30% 344 - 2.23 Age 0.308 - 
Young's modulus 40% 1178 + 1.7 Age 0.932 + 
Young's modulus 50% 3140 + 143 Age 0.563 + 
Young's modulus 60% - 15886 + 2498 Age 0.451 + 
Young's modulus 70% - 528372 + 36958 Age 0.419 + 
Young's modulus 80% -9071427 + 521960 Age 0.415 + 
Young's modulus 90% -1.36E+08 + 7268223 Age 0.422 + 
Table C.123 Young's modulus (MPa); linear regression of all axial samples with age 
Linear regression - Axial Injury 
Equation p 	Trend with inc. age 
Young's modulus 5% 25.7- 0.107 Age 0.756 	 - 
Young's modulus 10% 41.0 - 0.243 Age 0.648 	 - 
Young's modulus 15% 67.7 - 0.517 Age 0.578 	 - 
Young's modulus 20% 117- 1.10 Age 0.548 	 - 
Young's modulus 25% 214 - 2.40 Age 0.537 	 - 
Young's modulus 30% 419 - 5.48 Age 0.524 	 - 
Young's modulus 40% 1974 - 33.2 Age 0.466 	 - 
Young's modulus 50% 11664-231 Age 0.380 	 - 
Young's modulus 60% 78883- 1727 Age 0.310 	 - 
Young's modulus 70% 571281 - 13258 Age 0.271 	 - 
Young's modulus 80% 4278589- 102818 Age 0.253 	 - 
Young's modulus 90% 32595918 - 799978 Age 0.245 	 - 
Table C.124 Young's modulus (MPa); linear regression of injury axial samples with age. 
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Appendix C - Compression Test Data 
Linear regression - Axial Arthritic 
Equation p 	Trend with inc. age 
Young's modulus 5% 10.8- 0.0378 Age 0.665 	 - 
Young's modulus 10% 22.1 - 0.121 Age 0.431 	 - 
Young's modulus 15% 47.9- 0.345 Age 0.254 	 - 
Young's modulus 20% 109-0.928 Age 0.169 	 - 
Young's modulus 25% 260 -2.42 Age 0.161 	 - 
Young's modulus 30% 645 -6.26 Age 0.218 	 - 
Young's modulus 40% 4545 - 43.3 Age 0.455 	 - 
Young's modulus 50% 39421 - 343 Age 0.651 	 - 
Young's modulus 60% 414475 - 3269 Age 0.751 	 - 
Young's modulus 70% 4966157-36737 Age 0.797 	 - 
Young's modulus 80% 63948156-458285 Age 0.819 	 - 
Young's modulus 90% 8.55E+08 - 6043522 Age 0.831 	 - 
Table C.125 Young's modulus (MPa); linear regression of arthritic axial samples with age 
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Appendix C - Compression Test Data 
Circumferential 
Linear regression - All Circumferential 
Equation p Trend with inc. age 
Young's modulus 5% 12.3- 0.135 Age 0.025 - 
Young's modulus 10% 29.6 - 0.332 Age 0.043 - 
Young's modulus 15% 77.0- 0.877 Age 0.081 - 
Young's modulus 20% 213 - 2.46 Age 0.136 - 
Young's modulus 25% 622 -7.13 Age 0.204 - 
Young's modulus 30% 1873-20.8 Age 0.289 - 
Young's modulus 40% 17462- 144 Age 0.602 - 
Young's modulus 50% 132341 + 879 Age 0.883 + 
Young's modulus 60% -499167 + 93040 Age 0.611 + 
Young's modulus 70% -73022609 + 3851537 Age 0.525 + 
Young's modulus 80% -3.11 E+09 +1.38E+08 Age 0.497 + 
Young's modulus 90% -1.12E+11 +4.72E+09 Age 0.488 + 
Table C.126 Young's modulus (MPa); linear regression of all circumferential samples with age 
Linear regression - Circumferential Injury 
Equation p Trend with inc. age 
Young's modulus 5% - 11.0 + 0.684 Age 0.038 + 
Young's modulus 10% - 27.8 + 1.70 Age 0.134 + 
Young's modulus 15% - 73 + 4.50 Age 0.272 + 
Young's modulus 20% -200 + 12.6 Age 0.388 + 
Young's modulus 25% - 573 + 37.0 Age 0.472 + 
Young's modulus 30% -1705 + 113 Age 0.530 + 
Young's modulus 40% - 16659+ 1161 Age 0.597 + 
Young's modulus 50% - 179432 + 12836 Age 0.628 + 
Young's modulus 60% - 2045224 + 147928 Age 0.643 + 
Young's modulus 70% -24001497 + 1741048 Age 0.650 + 
Young's modulus 80% -2.86E+08 +20705674 Age 0.654 + 
Young's modulus 90% -3.42E+09 +2.48E+08 Age 0.655 + 
Table C.127 Young's modulus (MPa); linear regression of injury circumferential samples with 
age. 
Robert Moran 	 - 	383 
Appendix C - Compression Test Data 
Linear regression - Circumferential Arthritic 
Equation p Trend with inc. age 
Young's modulus 5% 18.2 - 0.227 Age 0.025 - 
Young's modulus 10% 41.8-0.524 Age 0.024 - 
Young's modulus 15% 96.2 - 1.20 Age 0.025 - 
Young's modulus 20% 222 - 2.72 Age 0.032 - 
Young's modulus 25% 513 - 5.99 Age 0.076 - 
Young's modulus 30% 1185 - 12.2 Age 0.330 - 
Young's modulus 40% 6128 + 5Age 0.988 + 
Young's modulus 50% 23190 + 2329 Age 0.852 + 
Young's modulus 60% - 216229 + 88487 Age 0.832 + 
Young's modulus 70% -12695181 + 3008714 Age 0.830 + 
Young's modulus 80% -4.57E+08 +1.01 E+08 Age 0.830 + 
Young's modulus 90% -1.55E+10 +3.38E+09 Age 0.830 + 
Table C.128 Young's modulus (MPa); linear regression of arthritic circumferential samples 
with age. 
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Appendix C - Compression Test Data 
Radial 
Linear regression - All Radial 
Equation p 	Trend with inc. age 
Young's modulus 5% 44.2 - 0.567 Age 0.000 	 - 
Young's modulus 10% 80.1 -1.02 Age 0.003 	 - 
Young's modulus 15% 154-1.93Age 0.018 	 - 
Young's modulus 20% 314 - 3.91 Age 0.060 	 - 
Young's modulus 25% 678 -8.37 Age 0.117 	 - 
Young's modulus 30% 1532 - 18.8 Age 0.173 	 - 
Young's modulus 40% 8660- 105 Age 0.255 	 - 
Young's modulus 50% 52889 - 633 Age 0.308 	 - 
Young's modulus 60% 334194 - 3868 Age 0.357 	 - 
Young's modulus 70% 2133034 -23221 Age 0.422 	 - 
Young's modulus 80% 13546022- 131499 Age 0.524 	 - 
Young's modulus 90% 84417043 -647454 Age 0.681 	 - 
Table C.129 Young's modulus (MPa); linear regression of all radial samples with age. 
Linear regression - Radial Injury 
Equation p Trend with inc. age 
Young's modulus 5% 39.6 - 0.25 Age 0.872 - 
Young's modulus 10% 67 - 0.25 Age 0.945 - 
Young's modulus 15% 119-0.lOAge 0.991 - 
Young's modulus 20% 228 + 0.4 Age 0.986 + 
Young's modulus 25% 471 + 1.8 Age 0.977 + 
Young's modulus 30% 1041 + 5 Age 0.974 + 
Young's modulus 40% 5929 + 30 Age 0.978 + 
Young's modulus 50% 37684 + 144 Age 0.984 + 
Young's modulus 60% 249299 + 642 Age 0.990 + 
Young's modulus 70% 1668061 + 2769 Age 0.993 + 
Young's modulus 80% 11180250 + 11716 Age 0.996 + 
Young's modulus 90% 74865277 + 49072 Age 0.997 + 
Table C.130 Young' s modulus (MPa); linear regression of injury radial samples with age. 
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Appendix C - Compression Test Data 
Linear regression - Radial Arthritic 
Equation p Trend with inc. age 
Young's modulus 5% 9.26 - 0.0835 Age 0.233 - 
Young's modulus 10% 9.72 - 0.042 Age 0.711 - 
Young's modulus 15% 5.9 + 0.115 Age 0.569 + 
Young's modulus 20% - 9.8 + 0.571 Age 0.151 + 
Young's modulus 25% -55.9 + 1.77 Age 0.048 + 
Young's modulus 30% - 177 + 4.79 Age 0.038 + 
Young's modulus 40% - 1196 + 30.8 Age 0.129 + 
Young's modulus 50% -6810 + 192 Age 0.342 + 
Young's modulus 60% -35308 + 1240 Age 0.549 + 
Young's modulus 70% - 156336 + 8441 Age 0.691 + 
Young's modulus 80% -370582 + 61052 Age 0.780 + 
Young's modulus 90% 3790386 + 468855 Age 0.835 + 
Table C.131 Young's modulus (MPa); linear regression of arthritic radial samples with age. 
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Appendix D - Tensile Test Data 
Appendix D - Tensile Test Data 
This appendix contains full and complete tables of results in addition to those highlighted in 
Section 8.0 - The Meniscus under Tension. 
D.1 Meniscal Pair Variation 
Regression Model Parameter 
Axial 
AXIAL 	Location Menisci A (±SD) B (±SD) 
[SEMI 
Injury 	 All Medial (N=45) 7.774 (±10.010) 3.447 (±2.321) 
[1.490] [0.346] 
Lateral (N=7) 4.110 (±3.950) 4.755 (±1.666) 
[1.490] [0.630] 
Anterior Medial (N=11) 7.070 (±6.280) 2.143 (±1.124) 
[1.890) [0.339] 
Lateral (N0) - - - - 
Central Medial (N=22) 10.720 (±12.730) 3.221 (±2.382) 
[2.710] [0.508] 
Lateral (N=7) 4.110 (±3.950) 4.755 (±1.666) 
[1.490] [0.630] 
Posterior Medial (N12) 2.903 (±3.439) 5.059 (±2.223) 
[0.993] [0.642] 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=13) 7.890 (±19.470) 5.064 (±3.178) 
[5.400] [0.881] 
Lateral (N=7) 9.440 (±11.710) 4.062 (±2.139) 
[4.420] (0.809] 
Anterior Medial (N=8) 11.340 (±24.740) 4.167 (±2.136) 
[8.750] [0.755] 
Lateral (N=3) 4.893 (±1.318) 3.660 (±1.410) 
[0.761] [0.814] 
Central Medial (N=0) - - - - 
Lateral (N=4) 5.430 (±5.000) 5.300 (±2.450) 
[2.890] [1.410] 
Posterior Medial (N=5) 2.368 (±2.168) 6.500 (±4.260) 
[0.970] [1.900] 
Lateral (N=1) 35.099 - 1.537 - 
Table D.132 Regression model parameters A and B; Meniscal pair variation; Axial 
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ix D - Tensile Test Data 
AXIAL 	Location Menisci AB (±SD) AB' (±SD) 
[SEM] [SEM] 
Injury 	 All Medial (N=45) 14.200 (±13.520) 41.390 (±40.040) 
[2.020] [5.970] 
Lateral (N=7) 16.200 (±11.110) 70.400 (±32.200) 
[4.200] [12.200] 
Anterior Medial (N11) 11.430 (±9.620) 22.300 (±18.580) 
[2.900] [5.600] 
Lateral (N=0) - - - - 
Central Medial (N=22) 16.690 (±16.390) 40.450 (±35.760) 
[3.500] [7.620] 
Lateral (N=7) 16.200 (±11.110) 70.400 (±32.200) 
[4.200] [12.200] 
Posterior Medial (N12) 12.160 (±10.480) 60.600 (±53.700) 
[3.020] [15.500] 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N13) 12.380 (±9.130) 51.600 (±46.500) 
[2.530] [12.900] 
Lateral (N=7) 24.050 (±14.360) 84.300 (±42.300) 
[5.430] [16.000] 
Anterior Medial (N=8) 14.720 (±10.560) 58.800 (±58.600) 
[3.730] [20.700] 
Lateral (N=3) 16.900 (±3.370) 64.600 (±37.700) 
[1.940] [21 .800] 
Central Medial (N=0) - - - - 
Lateral (N=4) 21.240 (±8.460) 104.500 (±52.300) 
[4.880] [30.200] 
Posterior Medial (N=5) 8.630 (±5.100) 40.190 (±14.590) 
[2.280] [6.520] 
Lateral (N=1) 53.958 - 82.949 - 
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Appendix D - Tensile Test Data 
Circumferential 
CIRC. 	 Location Menisci A (±SD) B (±SD) 
___E1 
M 
Injury 	 All Medial (N=28) 12.950 (±13.850) 1.687 (±1.672) 
[2.620] [0.316] 
Lateral (N=3) 9.320 (±15.210) 4.280 (±3.770) 
[8.780] [2.170] 
Anterior Medial (N=9) 14.970 (±13.630) 0.988 (±0.554) 
[4.540] [0.185] 
Lateral (N=3) 9.320 (±15.210) 4.280 (±3.770) 
[8.780] [2.170] 
Central Medial (N=5) 24.020 (±20.600) 1.135 (±1.018) 
[9.210] [0.455] 
Lateral (N=0) - - - - 
Posterior Medial (N14) 7.700 (±8.600) 2.334 (±2.096) 
[2.300] [0.560] 
Lateral (N=0) - - - - 
Arthritic 	 All 	Medial (N=4) 11.650 	(±8.250) 2.834 	(±1.994) 
[4.130] [0.997] 
Lateral (N=0) - 	 - - 	 - 
Anterior 	Medial (N=4) 11.650 	(±8.250) 2.834 	(±1.994) 
[4.130] [0.997] 
Lateral (N=0) - 	 - - 	 - 
Central 	Medial (N=0) - 	 - - 	 - 
Lateral (N=0) - 	 - - 	 - 
Posterior 	Medial (N=0) - 	 - - 	 - 
Lateral (N=0) - 	 - - 	 - 
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ix D - Tensile Test Data 
CIRC. 	 Location Menisci AB (±SD) AB (±SD) 
[SEM] [SEM] 
Injury 	 All Medial (N=28) 10.750 (±8.740) 21.400 (±41.260) 
[1.650] [7.800] 
Lateral (N=3) 3.607 (±0.529) 14.390 (±12.950) 
[0.305] [7.480] 
Anterior Medial (N=9) 11.680 (±10.700) 12.690 (±18.010) 
[3.570] [6.000] 
Lateral (N=3) 3.607 (±0.529) 14.390 (±12.950) 
[0.305] [7.480] 
Central Medial (N=5) 11.845 (±1.498) 12.410 (±10.310) 
[0.670] (4.610] 
Lateral (N=0) - - - - 
Posterior Medial (N=14) 9.760 (±9.250) 30.200 (±56.000) 
[2.470] [15.000] 
Lateral (N0) - - - - 
Arthritic 	 All 	Medial (N=4) 21.08 	(±16.660) 60.800 	(±49.400) 
[8.330] [24.700] 
Lateral (N=0) - 	 - - 	 - 
Anterior 	Medial (N=4) ,21.08 	(±16.660) 60.800 	(±49.400) 
[8.330) [24.700] 
Lateral (N=0) - 	 - - 	 - 
Central 	Medial (N=0) - 	 - - 	 - 
Lateral (N0) - 	 - - 	 - 
Posterior 	Medial (N=0) - 	 - - 	 - 
Lateral (N=0) - 	 - - 	 - 
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Appendix D - Tensile Test Data 
Radial 




Injury 	 All Medial (N=48) 12.440 (±11.090) 3.188  
[1.600] [0.371] 
Lateral (N0) - - - - 
Anterior Medial (N=10) 15.850 (±9.170) 2.304 (±0.894) 
[2.900] [1.283] 
Lateral (N0) - - - - 
Central Medial (N=23) 13.560 (±12.550) 2.946 (±2.245) 
[2.620] [0.468] 
Lateral (N0) - - - - 
Posterior Medial (N=15) 8.460 (±9.160) 4.149 (±3.487) 
[2.360] [0.900] 
Lateral (N0) - - - - 
Arthritic 	 All Medial (N=20) 12.660 (±14.100) 4.188 (±2.906) 
[3.150] [0.650] 
Lateral (N=8) 20.990 (±25.900) 4.050 (±3.460) 
[9.160] [1.220] 
Anterior Medial (N16) 14.290 (±15.270) 4.056 (±3.123) 
[3.820] [0.781] 
Lateral (N1) 10.384 - 4.399 - 
Central Medial (N=1) 8.878 - 7.269 - 
Lateral (N=5) 17.000 (±28.500) 4.960 (±4.100) 
[12.800] [1.830] 
Posterior Medial (N=3) 5.250 (±5.290) 3.866 (±1.424) 
[3.060] [0.822] 
Lateral (N=2) 36.400 (±27.800) 1.585 (±0.429) 
[19.6001 10.3031 
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Appendix D - Tensile Test Data 
RADIAL 	Location Menisci AB (±SD) AB2 (±SD) 
Injury 	 All Medial (N48) 23.460 (±15.720) 70.230 (±68.930) 
[2.270] [9.950] 
Lateral (N=0) - - - - 
Anterior Medial (N10) 31.430 (±18.310) 68.500 (±46.600) 
[5.790] [14.700] 
Lateral (N=0) - - - - 
Central Medial (N=23) 22.030 (±15.120) 59.100 (±50.500) 
[3.150] [10.500] 
Lateral (N=0) - - - - 
Posterior Medial (N15) 20.350 (±13.990) 88.400 (±100.000) 
[3.610] [25.800] 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=20) 28.120 (±19.490) 103.800 (±99.600) 
[4.360] [22.300] 
Lateral (N=8) 30.540 (±20.700) 86.900 (±62.500) 
[7.320] [22.100] 
Anterior Medial (N=16) 28.190 (±18.640) 90.800 (±54.000) 
[4.660] [13.5001 
Lateral (N=1) 45.678 - 200.93 - 
Central Medial (N=1) 64.537 - 469.14 - 
Lateral (N=5) 19.050 (±10.070) 68.500 (±54.500) 
[4.500] [24.400] 
Posterior Medial (N=3) 15.660 (±10.330) 51.560 (±13.450) 
[5.960] [7.760] 
Lateral (N=2) 51.700 (±28.400) 75.800 (±22.900) 
[20.100] [16.200] 
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ix D - Tensile Test Data 
Material Properties 
Meniscus Ultimate Stress (±SD) Ultimate Strain (+SD) 
(MPa) [SEM] [SEM] 
Axial Injury Medial (N=48) 16.740 (±12.720) 0.658 (±0.336) 
[1.840] [0.049] 
Lateral (N=7) 17.200 (±13.480) 0.416 (±0.084) 






Lateral (N=10) 13.830 (±8.880) 0.364 (±0.118) 






Lateral (N=4) 4.745 (±1.643) 1.020 (±0.557) 






Lateral (N=0) - - - - 
Radial Injury 	Medial (N=49) 	 23.140 	(±16.720) 	 0.661 	(±0.402) 
	
[2.390] [0.057] 
Lateral (N=0) 	 - 	 - 	 - 	 - 
Radial Arthritic 	Medial (N=20) 	 16.950 	(±14.100) 	 0.357 	(±0.100) 
[3.150] [0.022] 
Lateral (N=8) 	 20.640 	(±15.790) 	 0.4634 	(±0.218) 
[5.280[ [Qpfl_ 












Axial Injury Medial (N=48) 41.500 (±30.530) 0.946 (±0.071) 0.142 (±0.138) 
[4.410] [0.010] [0.020] 
Lateral (N=7) 52.030 (±24.940) 0.952 (±0.039) 0.091 (±0.035) 







[3.720] [0.017] [0.014] 
Lateral (N=10) 52.700 (±35.500) 0.962 (±0.029) 0.042 (±0.060) 







[2.130] [0.020] [0.027] 
Lateral (N=4) 7.720 (±4.750) 0.737 (±0.292) -0.083 (±0.152) 







[7.400] [0.049] [0.019] 
Lateral (N=0) - - - - - - 
Radial Injury Medial (N=50) 51.040 (±29.200) 0.896 (±0.132) 0.106 (±0.127 
[4.130] [0.019] [0.018] 
Lateral (N0) - - - - - - 
Radial Arthritic 	Medial (N=20) 	63.620 	(±28.200) 
[6.310] 
Lateral (N=8) 	57.410 	(±26.520) 
[9.370] 
Table D.139 Tangent modulus, coefficient of determ 
pair variation. 
0.911 	(±0.084) 	0.093 	(±0.102) 
[0.019] [0.023] 
0.952 	(±0.094) 	0.067 	(±0.033) 
[0.033] [0.012] 
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x D - Tensile Test Data 
D.2 Knee Variation 
Regression Model Parameters 
Axial 
AXIAL 	Location Menisci Knee A (±SD) B (±SD) 
[SEMI [SEMI 
Injury 	 All All Right (N=39) 8.760 (±10.380) 3.263 (±2.245) 
[1 .660] [0.359] 
Left (N=13) 2.745 (±3.325) 4.705 (±2.089) 
[0.922] [0.579] 
A All Right (N=11) 7.070 (±6.280) 2.143 (±1.124) 
[1.890] [0.339] 
Left (N=0) - - - - 
Medial Right (N=1 1) 7.070 (±6.280) 2.143 (±1.124) 
[1.890] [0.339] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=27) 9.680 (±11.780) 3.579 (±2.386) 
[2.270] [0.459] 
Left (N=2) 1.663 (±0.003) 3.753 (±0.425) 
[0.002] [0.300] 
Medial Right (N=21) 11.630 (±13.020) 3.167 (±2.496) 
[2.910] [0.558] 
Left (N=2) 1.663 (±0.003) 3.753 (±0.425) 
[0.002] [0.300] 
Lateral Right (N=7) 4.110 (±3.950) 4.755 (±1.666) 
[1.490] [0.630] 
Left (N=0) - - - - 
P All Right (N=l) 2.480 - 7.050 - 
Left (N=l 1) 2.940 (±3.600) 4.878 (±2.237) 
[1.090] [0.674] 
Medial Right (N=1) 2.480 - 7.050 - 
Left (N11) 2.940 (±3.600) 4.878 (±2.237) 
[1.090] [0.674] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table D.140 Regression model parameters A and B; Knee variation; Axial injured menisci 
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x D - Tensile Test Data 
AXIAL 	Location 	Menisci 	Knee AB (±SD) AB2 (±SD) 
Injury 	 All 	All 	Right (N=39) 15.680 (±13.920) 43.690 (±37.090) 
[2.23] [5.940] 
Left (N= 13) 10.840 (±10.110) 50.100 (±49.300) 
[2.800] [13.700] 
A 	All 	Right (N=11) 11.430 (±9.620) 22.300 (±18.580) 
[2.900] [5.600] 
Left (N=0) - - - - 
Medial 	Right (N=1 1) 11.430 (±9.620) 22.300 (±18.580) 
[2.900] [5.600] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C 	All Right (N=27) 17.340 (±15.390) 49.470 (±37.490) 
[2.960] [7.220] 
Left (N=2) 6.242 (±0.697) 23.570 (±5.270) 
[0.493] [3.720] 
Medial Right (N=21) 17.740 (±16.860) 42.140 (±37.140) 
[3.770] [8.300] 
Left (N=2) 6.242 (±0.697) 23.570 (±5.270) 
[0.493] [3.720] 
Lateral Right (N=7) 16.200 (±11.110) 70.400 (±32.200) 
[4.200] [12.2001 
Left (N0) - - - - 
P 	All Right (N=1) 17.482 - 123.24 - 
Left (N=11) 11.670 (±10.850) 54.900 (±52.400) 
[3.270] [15.800] 
Medial Right (N1) 17.482 - 123.240 - 
Left (N=11) 11.670 (±10.850) 54.900 (±52.400) 
[3.270] [15.800] 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
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Appendix D - Tensile Test Data 
AXIAL 	Location Menisci Knee A (±SD) B (±SD) 
[S EM] 
Arthritic 	All All Right (N=7) 2.891 (±2.003) 5.780 (±3.900) 
(0.757] [1.470] 
Left (N=13) 11.420 (±20.470) 4.138 (±2.033) 
[5.680] [0.564] 
A All Right (N=2) 4.197 (±0.700) 3.990 (±3.130) 
[0.495] [2.210] 
Left (N=9) 10.780 (±23.200) 4.038 (±1.862) 
[7.730] [0.609] 
Medial Right (N=4) 4.197 (±0.700) 3.990 (±3.130) 
[0.495] [2.210] 
Left (N=8) 13.700 (±28.800) 4.226 (±2.100) 
[11.800] [0.857] 
Lateral Right (N=0) - - - - 
Left (N=4) 4.893 (±1.318) 3.660 (±1.410) 
[0.761] [0.814] 
C All Right (N=0) - - - - 
Left (N=3) 5.430 (±5.000) 5.300 (±2.450) 
[2.890] [1.410] 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=3) 5.430 (±5.000) 5.300 (±2.450) 
[2.890] [1.410] 
P All Right (N=5) 2.368 (±2.168) 6.500 (±4.260) 
[0.970] [1.900] 
Left (N=1) 35.099 - 1.537 - 
Medial Right (N=5) 2.368 (±2.168) 6.500 (±4.260) 
[0.970] [1.900] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=1) 35.099 - 1.537 - 
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Appendix D - Tensile Test Data 
AXIAL 	Location 	Menisci Knee AB (±SD) AB' (±SD) 
[] 
Arthritic 	All 	All Right (N=7) 11.260 (±8.940) 
rn 
56.200 (±57.200) 
[3.380] [21 .600] 
Left (N=13) 19.270 (±13.180) 66.800 (±42.300) 
[3.660] [11.700] 
A 	All Right (N=2) 17.800 (±15.900) 96.200 (±119.500) 
[11.300] [84.500] 
Left (N=9) 14.750 (±8.250) 52.400 (±34.600) 
[2.750] [11.500] 
Medial Right (N=4) 17.800 (±15.900) 96.200 (±119.500) 
[11.300] [84.500] 
Left (N=8) 13.680 (±10.010) 46.300 (±34.900) 
[4.090] [14.200] 
Lateral Right (N=0) - - - - 
Left (N=4) 16.900 (±3.370) 64.600 (±37.700) 
[1.940] [21.800] 
C 	All Right (N=0) - - - - 
Left (N=3) 21.240 (±8.460) 104.500 (±52.300) 
[4.880] [30.200] 
Medial Right (NO) - - - - 
Left (N=0) - - - - 
Lateral 	Right (N=0) - - - - 
Left (N=3) 21.240 (±8.460) 104.500 (±52.300) 
[4.880] [30.200] 
P 	All 	Right (N=5) 8.630 (±5.100) 40.190 (±14.590) 
[2.280] [6.520] 
Left (N=1) 53.958 - 82.949 - 
Medial 	Right (N=5) 8.630 (±5.100) 40.190 (±14.590) 
[2.280] [6.520] 
Left (N=0) - - - - 
Lateral 	Right (N=0) - - - - 
Left (N=1) 53.958 - 82.949 - 
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dix D - Tensile Test Data 
Circumferential 
CIRC. 	Location 	Menisci 	Knee 	 A 	(±SD) 	B 	 (±SD) 
Injury 	 All 	All 	Right (N=31) 	12.600 	(±13.760) 	1.938 	(±2.017) 
	
[2.470] [0.362] 
Left (N=0) 	 - 	 - 	- 	 - 
A 	All Right (N=12) 13.550 (±13.550) 1.811 (±2.240) 
[3.910] [0.647] 
Left (N=0) - - - - 
Medial Right (N=9) 14.577 (±13.630) 0.988 (±0.554) 
[4.540] [0.185] 
Left (N=0) - - - - 
Lateral Right (N=3) 9.320 (±12.210) 4.280 (±2.770) 
[8.780] [2.170] 
Left (N=0) - - - - 
C 	All Right (N=5) 24.020 (±20.600) 1.135 (±1.018) 
[9.210] [0.455] 
Left (N=0) - - - - 
Medial Right (N=5) 24.020 (±20.600) 1.135 (±1.018) 
[9.210] [0.455] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P 	All Right (N=14) 7.700 (±8.600) 2.334 (±2.096) 
[2.300] [0.560] 
Left (N=0) - - - - 
Medial Right (N=14) 7.700 (±8.600) 2.334 (±2.096) 
[2.300] [0.560] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table D.144 Regression model parameters A and B; Knee variation; Circumferential injured 
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x D - Tensile Test Data 
CIRC. 	Location 	Menisci 	Knee 	AB 	(±SD) 	AB2 	(±SD) 
	
[SEMI [SEMI 
Injury 	 All 	All Right (N=31) 	10.060 	(±8.570) 	20.720 	(±39.340) 
[1.540] [7.070] 
Left (N=0) 	 - 	 - 	- 	 - 
A 	All Right (N=12) 9.660 (±9.830) 13.110 (±16.340) 
[2.840] [4.720] 
Left (N=0) - - - - 
Medial Right (N=9) 11.680 (±10.700) 12.690 (±18.010) 
[3.570] [6.000] 
Left (N=0) - - - - 
Lateral Right (N=3) 3.607 (±0.529) 14.390 (±12.950) 
[0.305] [7.480] 
Left (N=0) - - - - 
C 	All Right (N=5) 11.845 (±1.498) 12.410 (±10.310) 
[0.670] [4.610] 
Left (N=0) - - - - 
Medial Right (N=5) 11.845 (±1.498) 12.410 (±10.310) 
[0.670] [4.610] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P 	All Right (N=14) 9.760 (±9.250) 30.200 (±56.000) 
[2.470] [15.600] 
Left (N=0) - - - - 
Medial Right (N=14) 9.760 (±9.250) 30.200 (±56.000) 
[2.470] [15.600] 
Left (N=0) - - - - 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
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Appendix D - Tensile Test Data 
CIRC. 	Location Menisci Knee A (±SD) B (±SD) 
[SEM] [SEML 
Arthritic 	All All Right (N1) 14.915 - 2.793 - 
Left (N=3) 10.560 (±9.750) 2.850 (±2.440) 
[5.630] [1.410] 
A All Right (N=1) 14.915 - 2.793 - 
Left (N=3) 10.560 (±9.750) 2.850 (±2.440) 
[5.630] [1.410] 
Medial Right (N=1) 14.915 - 2.793 - 
Left (N=3) 10.560 (±9.750) 2.850 (±2.440) 
[5.630] [1.410] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table D.146 Regression model parameters A and B; Knee variation; Circumferential arthritic 
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Appendix D - Tensile Test Data 
CIRC 	Location Menisci Knee AB (±SD) AB (±SD) 
[SEM] [SEMI 
Arthritic 	All All Right (N=1) 41.666 - 116.400 - 
Left (N=3) 14.220 (±11.570) 42.300 (±40.100) 
[6.680] [23.100] 
A All Right (N=1) 41.666 - 116.400 - 
Left (N=3) 14.220 (±11.570) 42.300 (±40.100) 
[6.680] [23.100] 
Medial Right (N=1) 41.666 - 116.400 - 
Left (N=3) 14.220 (±11.570) 42.300 (±40.100) 
[6.680] [23.100] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
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Appendix D - Tensile Test Data 
Radial 
RADIAL 	Location Menisci Knee A (±SD) B (±SD) 
[SEMJ 
Injury 	 All All Right (N=34) 14.570 (±11.670) 2.319 (±1.500) 
[2.000] [0.257] 
Left (N=14) 7.280 (±7.640) 5.299 (±3.386) 
[2.040] [0.905] 
A All Right (N=10) 15.850 (±9.170) 2.304 (±0.894) 
[2.900] [0.283] 
Left (N=0) - - - - 
Medial Right (N=10) 15.850 (±9.170) 2.304 (±0.894) 
[2.900] [0.283] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right(N=12) 17.900 (±14.600) 1.820 (±1.330) 
[4.200] [0.390] 
Left (N=11) 8.790 (±7.990) 4.180 (±2.440) 
[2.400] [0.730] 
Medial Right (N=12) 17.900 (±14.600) 1.820 (±1.330) 
[4.200] [0.390] 
Left (N=11) 8.790 (±7.990) 4.180 (±2.440) 
[2.400] [0.730] 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
P All Right (N=12) 10.140 (±9.550) 2.830 (±1.940) 
[2.800] [0.560] 
Left (N=3) 1.750 (±1.030) 9.410 (±3.540) 
[0.590] [2.000] 
Medial Right (N=12) 10.140 (±9.550) 2.830 (±1.940) 
[2.800] [0.560] 
Left (N=3) 1.750 (±1.030) 9.410 (±3.540) 
[0.590] [2.000] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table D.148 Regression model parameters A and B; Knee variation; Radial injured menisci 
Robert Moran 	 402 
Appendix D - Tensile Test Data 
RADIAL 	Location Menisci Knee AB (±SD) AB  (±SD) 
[2.860] [12.400] 
Left (N=14) 21.100 (±13.340) 97.200 (±52.700) 
[3.570] [14.100] 
A All Right (N=10) 31.430 (±18.310) 68.500 (±46.600) 
[5.790] [14.700] 
Left (N0) - - - - 
Medial Right(N=10) 31.430 (±18.310) 68.500 (±46.600) 
[5.790] [14.700] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right(N=12) 21.200 (±16.400) 31.600 (±26.800) 
[4.700] [7.700] 
Left (N=1 1) 22.900 (±14.400) 89.100 (±54.100) 
[4.300] [16.000] 
Medial Right (N=12) 21.200 (±16.400) 31.600 (±26.800) 
[4.700] [7.700] 
Left (N=11) 22.900 (±14.400) 89.100 (±54.100) 
[4.300] [16.000] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=12) 21.800 (±15.200) 79.000 (±109.000) 
[4.400] [31.000] 
Left (N=3) 14.440 (±6.380) 127.000 (±41.700) 
[3.700] [24.000] 
Medial Right (N=12) 21.800 (±15.200) 79.000 (±109.000) 
[4.400] [31.000] 
Left (N=3) 14.440 (±6.380) 127.000 (±41.700) 
[3.700] [24.000] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table D.149 Calculated values of AB and AB2; Knee variation; Radial injured menisci 
Kobert Moran 
403 
Appendix D - Tensile Test Data 
RADIAL 	Location Menisci Knee A (±SD) B (±SD) 
Arthritic 	All All Right (N=8) 13.580 (±18.710) 5.050 (±3.250) 
[6.620] [1.150] 
Left (N=20) 15.620 (±18.340) 3.786 (±2.910) 
[4.100] [0.651] 
A All Right (N=4) 21.000 (±25.500) 5.390 (±4.490) 
[13.000] [2.200] 
Left (N=13) 11.900 (±10.500) 3.670 (±2.530) 
[2.900] [0.700] 
Medial Right (N=4) 21.000 (±25.500) 5.390 (±4.490) 
[12.700] [2.240] 
Left (N=12) 12.050 (±10.920) 3.612 (±2.634) 
[3.150] [0.760] 
Lateral Right (N=0) - - - - 
Left (N=1) 10.384 - 4.399 - 
C All Right (N=1) 8.878 - 7.269 - 
Left (N=5) 17.000 (±28.500) 4.960 (±4.100) 
[12.800] [1.830] 
Medial Right (N=1) 8.878 - 7.269 - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=5) 17.000 (±28.500) 4.960 (±4.100) 
[12.800] [1.830] 
P All Right (N=3) 5.250 (±5.290) 3.870 (±1.420) 
[3.100] [0.820] 
Left (N=2) 36.400 (±27.800) 1.585 (±0.429) 
[20.000] [0.300] 
Medial Right (N=3) 5.250 (±5.290) 3.870 (±1.420) 
[3.100] [0.820] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=2) 36.400 (±27.800) 1.585 (±0.429) 
[20.000] 10.3001 
Table D.150 Regression model parameters A and B; Knee variation; Radial arthritic menisci 
Robert Moran 404 
Appendix D - Tensile Test Data 
RADIAL 	Location Menisci Knee AB (±SD) AB' (±SD) 
ISEM] ISEM]_ 
Arthritic 	All All Right (N=8) 31 .950 (±26.410) 126.700 (±141.900) 
[9.340] [50.200] 
Left (N=20) 27.560 (±16.640) 87.900 (±59.700) 
[3.720] [13.400] 
A All Right (N=4) 36.000 (±30.200) 97.500 (±31.900) 
[15.000] [16.000] 
Left (N=13) 27.100 (±14.500) 97.200 (±65.900) 
[4.000] [18.000] 
Medial Right (N=4) 36.000 (±30.200) 97.500 (±31.900) 
[15.000] [16.000] 
Left (N=12) 25.570 (±13.960) 88.600 (±60.600) 
[4.030] [17.500] 
Lateral Right (N=0) - - - - 
Left (N=1) 45.678 - 200.934 - 
C All Right (N=1) 64.537 - 469.14 - 
Left (N=5) 19.050 (±10.070) 68.500 (±54.500) 
[4.500] [24.400] 
Medial Right (N=1) 64.537 - 469.14 - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=5) 19.050 (±10.070) 68.500 (±54.500) 
[4.500] (24.400] 
P All Right (N=3) 15.700 (±10.300) 51.760 (±13.400) 
(6.000] [7.800] 
Left (N=2) 51.700 (±28.400) 75.800 (±22.900) 
[20.000] [16.000] 
Medial Right (N=3) 15.700 (±10.300) 51.760 (±13.400) 
(6.000] [7.800] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=2) 51.700 (±28.400) 75.800 (±22.900) 
[20.000] [16.000] 
Table D.151 Calculated values of AB and AB 2 ; Knee variation; Radial arthritic menisci. 
Robert Moran 
405 
Appendix D - Tensile Test Data 
Material Properties 
Knee Ultimate Stress (±SD) Ultimate Strain (±5D) 
Axial Injury 	 Right (N=41) 18.420 (±13.840) 0.670 (±0.346) 
[2.160] [0.054] 
Left (N=14) 12.050 (±6.870) 0.501 (±0.218) 
[1.840] [0.058] 
Axial Arthritic 	Right (N=9) 8.860 (±4.870) 0.387 (±0.143) 
[1.620] [0.048] 
Left (N=18) 11.850 (±8.110) 0.380 (±0.116) 
[1.910] [0.027] 
Circ. Injury 	 Right (N=43) 9.718 (±5.959) 0.892 (±0.407) 
[0.909] [0.062] 
Left (N=0) - - - - 
Circ. Arthritic 	Right (N=1) 	 20.959 	 - 	 0.409 
Left (N=6) 8.760 (±5.170) 0.901 (±0.728) 






Left (N=14) 13.890 (±8.420) 0.350 (±0.167) 






Left (N=20) 17.100 (±11.910) 0.403 (±0.167) 
(2.660] 
* 
Table D.152 Ultimate tensile stress and ultimate tensile strain; Knee variation. 
Knee Tangent (±SI (±5 D) Strain (±S D) 
Modulus [SEM] [SEM] Intersect [SEM] 
Axial Injury Right (N41) 42.850 (±31.270) 0.944 (±0.074) 0.126 (±0.136) 
[4.880] [0.012] [0.021] 
Left (N=14) 42.840 (±26.440) 0.957 (±0.046) 0.163 (±0.110) 







[5.710] [0.025] [0.023] 
Left (N=18) 41.060 (±30.140) 0.934 (±0.058) 0.035 (±0.050) 







[1.980] [0.022] [0.026] 
Left (N=0) - - - - - - 
Circ. Arthritic Right (N=1) 48.612 - 0.772 - 0.004 - 
Left (N=6) 18.300 (±14.800) 0.844 (±0.139) -0.042 (±0.053) 







[5.260] [0.014] [0.024] 
Left (N=14) 49.290 (±25.110) 0.832 (±0.198) 0.056 (±0.059) 







[8.640] [0.012] [0.023] 
Left (N=20) 56.390 (±27.120) 0.910 (±0.099) 0.084 (±0.097) 
(6.070] j90221 




Appendix D - Tensile Test Data 
Axial 
AXIAL Injury Knee Ultimate Stress (±SD) Ultimate Strain (±SD) 
..... ............................... 
Anterior Right (N=12) 16.060 (±12.980) 0.613 (±0.334) 
[3.750] (0.097] 
Left (N=0) - - - - 
Central Right (N=28) 18.800 (±14.200) 0.685 (±0.356) 
[2.700] [0.067] 
Left (N=2) 6.850 (±5.690) 0.498 (±0.362) 
[4.00] [0.260] 
Posterior Right (N1) 35.433 - 0.956 - 
Left (N=12) 12.920 (±6.860) 0.501 (±0.210) ( 1.980] [0.061] 
 AXIAL Arthritic
Anterior Right (N=4) 10.630 (±6.740) 0.440 (±0.194) 
[3.370] [0.097] 
Left (N=12) 9.300 (±5.630) 0.390 (±0.107) 
[1.620] [0.031] 
Central Right (N=0) - - - - 
Left (N=4) 11.310 (±5.950) 0.413 (±0.144) 
[2.970] [0.072] 
Posterior Right (N=5) 7.440 (±2.770) 0.344 (±0.085) 
[1.240] [0.038] 
Left (N=2) 28.280 (±6.570) 0.262 (±0.086) 
[4.640] (0.061 1  
Table D.154 Ultimate tensile stress and ultimate tensile strain; Knee variation; Axial regions. 
AXIAL Injury Knee Tangent (±SD) (±SD) Strain (±SD) 
Modulus (SEMI [SEM] Intersect [SEM] _ (MPa) 
Airior Right(N=12) 39.500 (±43.600) 0.952 (±0.058) 0.114 (±0.107) 
[12.600] [0.017] [0.031] 
Left (N=0) - - - - - - 
Central Right (N=28) 42.900 (±24.700) 0.940 (±0.082) 0.132 (±0.151) 
[4.700] [0.015] [0.028] 
Left (N=2) 17.960 (±7.250) 0.937 (±0.002) 0.108 (±0.100) 
[5.100] [0.002] [0.070] 
Posterior Right (N1) 82.449 - 0.953 - 0.102 - 
Left (N=12) 46.980 (±26.270) 0.960 (±0.049) 0.173 (±0.113) 
[7.580] [0.014] [0.033] 
AXIAL Arthritic 
Anterior Right (N=4) 39.900 (±25.000) 0.885 (±0.090) 0.024 (±0.059) 
[12.500] [0.045] [0.030] 
Left (N=12) 29.420 (±13.930) 0.922 (±0.064) 0.043 (±0.041) 
[4.020] (0.019] [0.012] 
Central Right (N=0) - - - - - - 
Left (N=4) 42.900 (±24.500) 0.953 (±0.044) 0.028 (±0.072) 
[12.300] [0.022] [0.036] 
Posterior Right (N=5) 32.090 (±9.310) 0.945 (±0.056) 0.102 (±0.056) 
[4.160] [0.025] [0.025] 
Left (N=2) 107.200 (±33.300) 0.972 (±0.009) 0.0001 (±0.071) 
[23.500] [0.006] [0.050] 
Table D.155 Tangent modulus, coefficient of determination, r2 and strain intersect; Knee 
variation; Axial regions. 
Robert Moran 	 -__________________________ 407 
Appendix D - Tensile Test Data 
Circumferential 
CIRC. Injury 	 Knee Ultimate Stress (±SD) 	Ultimate Strain (±SD) 
J1 
Anterior 	 Right (N=22) 9.320 (±6.510) 	 0.909 (±0.402) 
[1.390] (0.086] 
Left (N=0) - - 	 - - 
Central 	 Right (N=6) 11.194 (±1.816) 	 0.877 (±0.338) 
[0.742] [0.138] 
Left (N=0) - - 	 - - 
Posterior 	Right (N=15) 9.700 (±6.370) 	 0.875 (±0.460) 
[1.650] [0.119] 
Left (N0) - - 	 - - 
CIRC. Arthritic 
Anterior 	 Right (N=1) 	 20.959 	 - 	 0.409 	 - 
	
Left (N=6) 	 8.760 	 (±5.170) 	 0.901 	 (±0.728) 
[2.110] [0.297] 
Central 	 Right (N=0) 	 - 	 - 	 - 	 - 
Left (N=0) 	 - 	 - 	 - 	 - 
Posterior 	 Right (N=0) 	 - 	 - 	 - 	 - 
Left (N=0) 	 - 	 - 	 - 	 - 
Table D.156 Ultimate tensile stress and ultimate tensile strain; Knee variation; Circumferential 
regions. 
CIRC. Injury Knee Tangent (±SD) r2 	(±SD) Strain (±SD) 
Modulus [SEM] [SEM] Intersect [SEM] 
jMPa ___ 
Anterior Right (N=22) 13.960 (±11.900) 0.774 	(±0.165) -0.016 (±0.177) 
[2.540] [0.035] [0.038] 
Left (N=0) - - - 	 - - - 
Central Right (N=6) 17.400 (±3.430) 0.934 	(±0.030) 0.044 (±0.045) 
[1.400] [0.012] [0.019] 
Left (N=0) - - - 	 - - - 
Posterior Right (N= 15) 19.630 (±16.420) 0.821 	(±0.116) 0.108 (±0.177) 
[4.240] [0.030] [0.046] 
Left (N0) - - - 	 - - - 
CIRC. Arthritic 
Anterior 	 Right (N=1) 	48.612 	 - 	0.772 	 - 	0.004 	 - 
Left (N=6) 	18.300 	(±14.800) 	0.844 	(±0.139) 	-0.0417 	(±0.053) 
[6.620] [0.057] [0.022] 
Central 	 Right (N=0) 	 - 	 - 	 - 	 - 	 - 	 - 
Left (N=0) 	 - 	 - 	 - 	 - 	 - 	 - 
Posterior 	 Right (N=0) 	 - 	 - 	 - 	 - 	 - 	 - 
Left (N=0) 	 - 	 - 	 - 	 - 	 - 	 - 
Table D.157 Tangent modulus, coefficient of determination,? and strain intersect; Knee 
variation; Circumferential regions. 
Robert Moran 	 408 
ix D - Tensile Test Data 
Radial 
RADIAL Injury Knee Ultimate Stress (±SD) Ultimate Strain (±SD) 
(MPa  
Anterior Right (N=11) 42.580 (±21.120) 0.732 (±0.239) 
[6.370] [0.072] 
Left (N=0) - - - - 
Central Right (N=12) 23.200 (±10.400) 0.956 (±0.357) 
[3.000] [0.100] 
Left (N=12) 14.020 (±9.370) 0.368 (±0.184) 










Anterior Right (N=4) 15.040 (±6.150) 0.309 (±0.061) 
[3.100] [0.031] 
Left (N=13) 15.190 (±8.230) 0.366 (±0.113) 





Left (N=5) 12.72 (±8.110) 0.426 (±0.264) 






Left (N=2) 40.500 (±19.500) 0.590 (±0.102) 
[14.000] [0.072] 
Table D.158 Ultimate tensile stress and ultimate tensile strain; Knee Radial variation; regions. 
RADIAL Injury Knee Tangent (±SD) (±SD) Strain (±SD) 
Modulus [5EM] [SEM] Intersect [SEM] 
Anterior Right (N11) 69.060 (±27.120) 0.934 (±0.082) 0.096 (±0.123) 
[8.180] [0.025] [0.037] 
Left (N=0) - - - - - - 
Central Right (N=12) 37.900 (±20.500) 0.941 (±0.073) 0.172 (±0.196) 
[5.900] [0.021] [0.057] 
Left (N=12) 46.700 (±26.500) 0.813 (±0.216) 0.056 (±0.066) 







[11] [0.025] [0.024] 
Left (N=3) 59.700 (±18.700) 0.905 (±0.086) 0.059 (±0.004) 
RADIAL Arthritic 
[11] [0.050] [0.003] 
Anterior Right (N=4) 77.200 (±27.900) 0.963 (±0.036) 0.081 (±0.066) 
[14.000] [0.018] [0.033] 
Left (N=13) 58.200 (±28.900) 0.889 (±0.096) 0.090 (±0.119) 







Left (N=5) 42.180 (±18.830) 0.929 (±0.116) 0.063 (±0.033) 







[7.300] [0.019] [0.035] 
Left (N=2) 80.300 (±19.300) 0.992 (±0.002) 0.092 (±0.032) 
[14.000] [0.001] [0.022] 
Table D.159 Tangent modulus, coefficient of determination,? and strain intersect; Knee 
variation; Radial regions. 
Robert Moran 
409 
ix D - Tensile Test Data 
D.3 Gender Variations 
Regression Model Parameters 
Orientation 	Pathology Gender A (±SD) B (±SD) 
[SEMI 
Axial 	 Injury Male (N=50) 7.430 (±9.630) 3.520 (±2.190) 
[1.400] [0.310] 
Female (N=2) 2.972 (±0.887) 6.090 (±3.950) 
[0.630] [2.800] 
Arthritic Male (N=5) 2.370 (±2.170) 6.500 (±4.260) 
[0.970] [1.900] 
Female (N= 15) 10.500 (±19.100) 4.120 (±2.060) 
[4.900] [0.530] 
Circumferential 	Injury Male (N=43) 12.600 (±13.760) 1.938 (±2.017) 
[2.470] [0.362] 
Female (N0) - - - - 
Arthritic 	 Male (N=0) 
Female (N=7) 11.650 (±8.250) 2.834 (±1.994) 
(4.130] [0.997] 
Radial 	 Injury 	 Male (N=43) 13.000 (±11.400) 3.060 (±2.520) 
[1.700] [0.380] 
Female (N=5) 7.750 (±7.220) 4.330 (±3.090) 
[3.200] [1.400] 
Arthritic 	 Male (N=3) 5.250 (±5.290) 3.870 (±1.420) 
[3.100] [0.820] 
Female (N=25) 16.200 (±18.800) 4.180 (±3.160) 
[3.8001 F0.6301 
Table D.160 Regression model parameters A and B; Gender variation 
Orientation 	Pathology Gender AB (±SD) AB2 (±SD) 
-J1........ [S.EM. 
Axial 	 Injury Male (N50) 14.400 (±13.400) 42.600 
.... - .... 
(±35.600) 
[1.900] [5.000] 
Female (N=2) 16.340 (±6.360) 112.000 (±103.000) 
[4.500] [7.300] 
Arthritic Male (N=5) 8.630 (±5.100) 40.200 (±14.600) 
[2.300] [6.500] 
Female (N=15) 19.100 (±12.900) 70.200 (±51.600) 
[3.300] [13.000] 
Circumferential 	Injury Male (N=43) 10.060 (±8.570) 20.720 (±39.340) 
[1.540] [7.070] 
Female (N=0) - - - - 
Arthritic 	 Male (N=0) 
Female (N=7) 21.080 (±16.660) 60.800 (±49.400) 
[8.330] [24.700] 
Radial 	 Injury 	 Male (N=43) 23.700 (±16.200) 69.100 (±71.500) 
[2.500] [11.000] 
Female (N=5) 21.500 (±12.600) 79.600 (±44.600) 
[5.600] [20.000] 
Arthritic 	 Male (N=3) 15.700 (±10.300) 51.600 (±13.400) 
[6.000] [7.800] 
Female (N=25) 30.400 (±19.900) 104.700 (±93.400) 
[4.000] [19.0001 
Table D.161 Calculated values of AB and AB2 ; Gender variation. 
Robert Moran 	 - 	410 
Appendix D - Tensile Test Data 
Orientation Region Gender A (±SD) B (±SD) 
[SEMI _E!YiJ 
Axial Injury Posterior Male (N=10) 2.890 (±3.790) . 4.850 (±2.010) 
[1.200] [0.630] 
Female (N=2) 2.972 (±0.887) 6.090 (±3.950) 
[0.630] [2.800] 
Radial Injury Central Male (N18) 15.200 (±13.400) 2.560 (±1.890) 
[3.200] [0.450] 
Female (N=5) 7.750 (±7.220) 4.330 (±3.090) 
[3.200] [1.400] 
Radial Arthritic Posterior Male (N=3) 5.250 (±5.290) 3.870 (±1.420) 
[3.100] [0.820] 
Female (N=2) 36.400 (±27.800) 1.585 (±0.429) 
[20.0001 10.3001 
Table D.162 Regression model parameters A and B; Gender variation within regions 
Orientation Region Gender AB (±SD) AB2 (±SD) 
[SEMI 
.. Axial Injury Posterior Male (N=1 0) 11.300 (±11.200) 50.400 (±40.500) 
[3.500] [13.000] 
Female (N=2) 16.340 (±6.360) 112.000 (±103.000) 
[4.500] [73.000] 
Radial Injury Central Male (N=18) 22.200 (±16.100) 53.400 (±51.700) 
[3.800] [12.000] 
Female (N=5) 21.500 (±12.600) 79.600 (±44.600) 
[5.600) [20.000) 
Radial Arthritic Posterior Male (N=3) 15.700 (±10.30) 51.600 (±13.400) 
[6.000] [7.800] 
Female (N=2) 51.700 (±28.400) 75.800 (±22.900) 
[20.000] (16.000] 
Table D.163 Calculated values of AB and AB2 ; Gender variation within regions 
Robert Moran 	 -  411 
Appendix D - Tensile Test Data 
Material Properties 
Gender Ultimate Stress (±SD) 	Ultimate Strain (±SD) 
(MPa) [S!!!J__ 
Axial Injury 	 Male (N=53) 16.800 (±12.900) 0.626 (±0.329) 
[1.800] [0.045] 
Female (N=2) 17.280 (±2.480) 0.650 (±0.258) 
[1.800] [0.18] 
Axial Arthritic 	Male (N=5) 7.440 (±2.770) 0.344 (±0.085) 
[1.200] [0.038] 
Female (N=22) 11.630 (±7.740) 0.391 (±0.130) 
[1.700] [0.028] 
Circ. Injury 	 Male (N=43) 9.718 (±5.959) 0.892 (±0.407) 
[0.909] [0.062] 
Female (N0) - - - - 
Circ. Arthritic 	Male (N=0) 
Female (N=7) 10.510 (±6.590) 0.831 (±0.690) 
[2.490] [0.261] 
Radial Injury 	Male (N=44) 24.000 (±17.300) 0.691 (±0.412) 
[2.600] [0.062] 
Female (N=3) 15.240 (±7.380) 0.396 (±0.116) 
[3.300] [0.052] 
Radial Arthritic 	Male (N=3) 11.190 (±5.760) 0.369 (±0.061) 
[3.300] [0.035] 
Female (N=25) 18.800 (±15.000) 0.390 (±0.155) 
[3.000] 10.0311 
Table D.164 Ultimate tensile stress and ultimate tensile strain; Gender variations 
Gender Tangent (±SD) ? (±SD) Strain (±SD) 
Modulus [SEMI [SEMI Intersect [SEMI 
(MPa) 
Axial Injury 	 Male (N=53) 42.200 (±29.900) 0.946 (±0.069) 0.137 (±0.132) 
[4.100] (0.009] [0.018] 
Female (N=2) 60.600 (±32.100) 0.985 (±0.006) 0.103 (±0.054) 
[23.000] [0.004] [0.038] 
Axial Arthritic 	Male (N=5) 32.090 (±9.310) 0.945 (±0.056) 0.102 (±0.056) 
[4.200] [0.025] [0.025] 
Female (N=22) 40.800 (±28.700) 0.925 (±0.065) 0.033 (±0.050) 
[6.100] [0.014] [0.011] 
Circ. Injury 	 Male (N=43) 16.420 (±13.000) 0.813 (±0.145) 0.036 (±0.172) 
[1.980] [0.022] [0.026] 
Female (N=0) - - - - - - 
Circ. Arthritic 	Male (N=0) 
Female (N=7) 23.350 (±18.120) 0.834 (±0.123) -0.035 (±0.051) 
[7.400] [0.049] [0.019] 
Radial Injury 	Male (N=44) 51.100 (±30.300) 0.890 (±0.138) 0.109 (±0.133) 
[4.500] [0.021] [0.020] 
Female (N=3) 50.600 (±18.600) 0.953 (±0.021) 0.083 (±0.034) 
[8.300] [0.009] [0.015] 
Radial Arthritic 	Male (N=3) 62.600 (±12.700) 0.956 (±0.034) 0.129 (±0.061) 
[7.300] [0.019] [0.035] 
Female (N=25) 61.800 (±28.800) 0.918 (±0.091) 0.081 (±0.090) 
[5.800] [0.018] 10.0181 
Table D.165 Tangent modulus, coefficient of determination,? and strain intersect; Gender 
variation. 
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Appendix D - Tensile Test Data 
Gender Ultimate Stress (±SD) Ultimate Strain (±SD) 
(MPa) [SEM] [SEM] 
Axial ;njury Male (N11) 14.180 (±9.810) 0.516 (±0.240) 
Posterior [3.000] [0.072] 
Female (N=2) 17.280 (±2.480) 0.650 (±0.258) 
[1.800] [0.180] 
Radial Arthritic Male (N=18) 19.800 (±11.500) 0.752 (±0.433) 
Central [2.700] [0.100] 
Female (N=5) 15.240 (±7.380) 0.396 (±0.116) 
[3.300] [0.052] 
Radial Arthritic Male (N=3) 11.190 (±5.760) 0.369 (±0.061) 
Posterior [3.300] [0.035] 
Female (N=2) 40.500 (±19.500) 0.590 (±0.102) 
114.000] 10.0721 
Table D.166 Ultimate tensile stress and ultimate tensile strain; Gender variations within regions 
Gender Tangent (±SD) r2 (±SD) Strain (±SD) 
Modulus [SEM] [SEM] Intersect [5EM] 
(MPa) 
Axial Injury 	 Male (N=11) 47.700 (±27.300) 0.955 (±0.050) 0.179 (±0.115) 
Posterior [8.200] [0.015] [0.035] 
Female (N=2) 60.600 (±32.100) 0.985 (±0.006) 0.103 (±0.054) 
[23.000] [0.004] [0.038] 
Radial Arthritic 	Male (N=18) 40.100 (±24.700) 0.857 (±0.187) 0.122 (±0.173) 
Central [5.700] [0.043] [0.040] 
Female (N=5) 50.600 (±18.600) 0.953 (±0.021) 0.083 (±0.034) 
[8.300] [0.009] [0.015] 
Radial Arthritic 	Male (N=3) 62.600 (±12.700) 0.956 (±0.034) 0.129 (±0.061) 
Posterior [7.300] [0.019] [0.035] 
Female (N=2) 80.300 (±19.300) 0.992 (±0.002) 0.092 (±0.032) 
[14.000] [0.001] [0.022] 
Table D.167 Tangent modulus, coefficient of determination, r2 and strain intersect; Gender 
variations within regions. 
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dix D - Tensile Test Data 
0.4 Age 
Regression Model Parameters 
Axial 
Linear regression - All Axial 
Equation p 	 Trend with inc. age 
A 7.81 -0.0056 Age 0.945 	 - 
B 2.62 + 0.0324 Age 0.053 	 + 
AB 15.1 -0.0008 Age 0.993 	 - 
AB 39.7 + 0.263 Age 0.365 	 + 
r 0.991 + 0.000001 Age 0.986 	 + 
S 0.514 - 0.00355 Age 0.029 	 - 
Table D.168 Regression model parameters; linear regression of all axial meniscal samples with 
age. 
Linear regression - Axial Injury 
Equation p 	 Trend with inc. age 
A 18.2 - 0.363 Age 0.066 	 - 
B 2.80 + 0.0272 Age 0.573 	 + 
AB 28.0 - 0.448 Age 0.103 	 - 
AB2 65.0. 0.652 Age 0.441 	 - 
r 0.983 + 0.000265 Age 0.084 	 + 
S 0.635 - 0.00765 Age 0.171 	 - 
Table D.169 Regression model parameters; linear regression of axial injury meniscal samples 
with age. 
Linear regression - Axial Arthritic 
Equation p 	 Trend with inc. age 
A 1.9 + 0.099 Age 0.854 	 + 
B - 0.26 + 0.0754 Age 0.401 	 + 
AB 17.7-0.Ol9Age 0.962 	 - 
AB  184-1.83Age 0.211 	 - 
r 0.983+0.000ll2Age 0.601 	 + 
S 0.325 - 0.00054 Age 0.895 	 - 




Appendix D - Tensile Test Data 
Circumferential 
Linear regression - All Circumferential 
Equation p Trend with inc. age 
A 10.2 + 0.082 Age 0.553 + 
B 1.78 + 0.0093 Age 0.660 + 
AB 7.42 + 0.139 Age 0.182 + 
14.3 + 0.393 Age 0.368 + 
r 0.949 + 0.000568 Age 0.057 + 
S 0.525 - 0.00382 Age 0.167 - 
Table D.171 Regression model parameters; linear regression of all circumferential meniscal 
samples with age. 
Linear regression - Circumferential Injury 
	
Equation 	p 	 Trend with inc. age 
A 	 -6.75 + 0.857 Age 	0.029 	 + 
B 	 3.12 - 0.0522 Age 	0.381 	 - 
AB 	 9.55 + 0.023 Age 	0.929 	 + 
AB2 	 49.2 - 1.26 Age 	0.277 	 - 
r 	 0.938 + 0.00103 Age 	0.237 	 + 
S 	 0.680 -0.0110 Age 	0.176 	 - 
Table D.172 Regression model parameters; linear regression of injury circumferential meniscal 
samples with age. 
Linear regression - Circumferential Arthritic 
Equation p 	 Trend with inc. age 
A 23.3-0.l68Age 0.736 	 - 
B 2.69 + 0.002 Age 0.986 	 + 
AB 94.4-1.O6Age 0.176 	 - 
AB2 259 - 2.85 Age 0.251 	 - 
r 1.00-0.000l85Age 0.738 	 - 
S 0.941 -0.00895 Age 0.196 	 - 
Table D.173 Regression model parameters; linear regression of arthritic circumferential 
meniscal samples with age. 
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Radial 
Linear regression - All Radial 
Equation p 	 Trend with inc. age 
A 12.1 + 0.0323 Age 0.680 	 + 
B 2.89+0.Ol6OAge 0.298 	 + 
AB 23.6 + 0.0456 Age 0.637 	 + 
AB2 69.3 + 0.282 Age 0.516 	 + 
r 0.978 - 0.000031 Age 0.893 	 - 
S 0.724 - 0.00448 Age 0.007 	 - 
Table D.174 Regression model parameters; linear regression of all radial meniscal samples with 
age. 
Linear regression - Radial Injury 
Equation p 	 Trend with inc. age 
A 20.5-0.3O7Age 0.139 	 - 
B 1.82 + 0.0523 Age 0.280 	 + 
AB 35.4-0.453 Age 0.123 	 - 
AB2 84.1 - 0.53 Age 0.685 	 - 
r 1.02- 0.00174 Age 0.026 	 - 
S 1.02-0.0163 Age 0.008 	 - 
Table D.175 Regression model parameters; linear regression of injury radial meniscal samples 
with age. 
Linear regression - Radial Arthritic 
Equation p 	 Trend with inc. age 
A 11.3+0.O58Age 0.883 	 + 
B 12.7-0.131 Age 0.035 	 - 
AB 56.0-0.4l4Age 0.320 	 - 
AB2 368-4.10 Age 0.027 	 - 
r 1.05-0.00lO7Age 0.207 	 - 
S 	- 0.348 + 0.00125 Age 0.747 	 + 
Table D.176 Regression model parameters; linear regression of arthritic radial meniscal 
samples with age. 
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Material Properties 
Axial 
Linear regression - All Axial 
Equation p 	Trend with inc. age 
Ultimate tensile stress (MPa) 22.6 - 0.187 Age 0.008 	 - 
Ultimate tensile strain 0.840 - 0.00707 Age 0.000 	 - 
Tangent modulus (MPa) 46.8- 0.123 Age 0.493 	 - 
0.941 - 0.000005 Age 0.991 	 - 
Strain Intersect 0.184-0.00l88Age 0.010 	 - 
Table D.177 Material properties; linear regression of all axial samples with age 
Linear regression - Axial Injury 
Equation p 	Trend with inc. age 
Ultimate tensile stress (MPa) 34.1 - 0.574 Age 0.027 	 - 
Ultimate tensile strain 0.889 - 0.00868 Age 0.199 	 - 
Tangent modulus (MPa) 70.0 - 0.903 Age 0.146 	 - 
0.858 + 0.00294 Age 0.034 	 + 
Strain Intersect 0.0745 + 0.00203 Age 0.456 	 + 
Table D.178 Material properties; linear regression of injury axial samples with age 
Linear regression - Axial Arthritic 
	
Equation 	p 	Trend with inc. age 
Ultimate tensile stress (MPa) 	 1.3 + 0.147 Age 	0.420 	 + 
Ultimate tensile strain 	 0.705 - 0.00497 Age 	0.100 	 - 
Tangent modulus (MPa) 	 - 7.9 + 0.726 Age 	0.269 	 + 
0.758 + 0.00264 Age 	0.089 	 + 
Strain Intersect 	 - 0.0817 + 0.00197 Age 	0.168 	 + 
Table D.179 Material properties; linear regression of arthritic axial samples with age. 
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D - Tensile Test Data 
Circumferential 
Linear regression - All Circumferential 
	
Equation 	p 	Trend with inc. age 
Ultimate tensile stress (MPa) 	 9.96 - 0.0043 Age 	0.928 	 - 
Ultimate tensile strain 	 0.901 - 0.00057 Age 	0.872 	 - 
Tangent modulus (MPa) 	 15.9 + 0.048 Age 	0.680 	 + 
r2 	 0.793 + 0.00078 Age 	0.482 	 + 
Strain Intersect 	 0.0845-0.00198 Age 	0.115 	 - 
Table D.180 Material properties; linear regression of all circumferential samples with age 
Linear regression - Circumferential Injury 
Equation 	p 	Trend with inc. age 
Ultimate tensile stress (MPa) 	 10.3- 0.025 Age 	0.879 	 - 
Ultimate tensile strain 	 0.928-0.00l6Age 	0.887 	 - 
Tangent modulus (MPa) 	 23.5 - 0.311 Age 	0.378 	 - 
12 	 0.728 + 0.00373 Age 	0.342 	 + 
Strain Intersect 	 0.215 - 0.00787 Age 	0.087 	 - 
Table D.181 Material properties; linear regression of injury circumferential samples with age. 
Linear regression - Circumferential Arthritic 
Equation p 	Trend with inc. age 
Ultimate tensile stress (MPa) 44.4 - 0.469 Age 0.081 	 - 
Ultimate tensile strain - 0.54 + 0.0189 Age 0.559 	 + 
Tangent modulus (MPa) 107- 1.17 Age 0.135 	 - 
0.633 + 0.00278 Age 0.650 	 + 
Strain Intersect 0.091 - 0.00175 Age 0.462 	 - 
Table D.182 Material properties; linear regression of arthritic circumferential samples with age 
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Radial 
Linear regression - All Radial 
Equation p 	Trend with Inc. age 
Ultimate tensile stress (MPa) 28.3- 0.174 Age 0.048 	 - 
Ultimate tensile strain 0.793 - 0.00571 Age 0.003 	 - 
Tangent modulus (MPa) 52.8 + 0.052 Age 0.748 	 + 
r2 0.915-0.00023OAge 0.727 	 - 
Strain Intersect 0.108 - 0.000229 Age 0.718 	 - 
Table D.183 Material properties; linear regression of all radial samples with age 
Linear regression - Radial Injury 
Equation p 	Trend with inc. age 
Ultimate tensile stress (MPa) 39.0 - 0.607 Age 0.050 	 - 
Ultimate tensile strain 0.709 - 0.00183 Age 0.809 	 - 
Tangent modulus (MPa) 82.7- 1.19 Age 0.019 	 - 
1.07-0.00651 Age 0.004 	 - 
Strain Intersect 0.0994 + 0.00026 Age 0.910 	 + 
Table D.184 Material properties; linear regression of injury radial samples with age. 
Linear regression - Radial Arthritic 
	
Equation 	p 	Trend with inc. age 
Ultimate tensile stress (MPa) 	 28.6 - 0.161 Age 	0.603 	 - 
Ultimate tensile strain 	 0.104 + 0.00432 Age 	0.166 	 + 
Tangent modulus (MPa) 	 122 - 0.911 Age 	0.114 	 - 
1.07 - 0.00225 Age 	0.226 	 - 
Strain Intersect 	 - 0.086 + 0.00262 Age 	0.160 	 + 
Table D.185 Material properties; linear regression of arthritic radial samples with age 
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ix E - Shear Test Data 
Appendix E - Shear Test Data 
This appendix contains full and complete tables of results in addition to those highlighted in 
Section 9.0 - The Meniscus under Shear. 
E.1 Men iscal Pair Variation 
Regression Model Parameters 
Axial 
AXIAL 	Location Menisci 	A (±SD) B 	(±SD) 
[SEMI__LML 
Injury 	 All Medial (N=8) 	34.31 (±3.17) 44.30 	(±26.08) 
[1.12] [9.22] 
Lateral (N=0) 	 - - - 	 - 
Anterior Medial (N=0) 	 - - - 	 - 
Lateral (N=0) 	 - - - 	 - 
Central Medial (N=5) 	36.25 (±1.63) 55.90 	(±27.20) 
[0.73] [12.10] 
Lateral (N=0) 	 - - - 	 - 
Posterior Medial (N=3) 	31.09 (±2.22) 24.92 	(±1.70) 
[1.28] [0.98] 
Lateral (N=0) 	 - - - 	 - 
Arthritic 	 All Medial (N=7) 46.30 (±4.96) 37.40 (±27.00) 
[1.90] [10.00] 
Lateral (N12) 35.00 (±11.10) 80.20 (±73.50) 
[3.20] [21.00] 
Anterior Medial (N=2) 48.06 (±2.81) 33.80 (±7.88) 
[2.00] [5.60] 
Lateral (N=3) 40.30 (±11.60) 49.30 (±40.90) 
[6.70] [24.00] 
Central Medial (N=5) 45.59 (±5.73) 38.80 (±32.70) 
[2.60] [15.00] 
Lateral (N=5) 36.70 (±12.20) 118.00 (±100.00) 
[5.50] [45.00] 
Posterior Medial (N=0) - - - - 
Lateral (N=4) 28.95 (±9.33) 56.70 (±35.60) 
[4.62] 117.801 
Table E.186 Regression model parameters A and B; Meniscal pair variation; Axial 
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AXIAL 	Location Menisci 	AB (±SD) AB-' 	(±SD) 
Injury 	 All Medial (N=8) 	1544 (±950) 89947 	(±101645) 
[336] [35937] 
Lateral (N0) 	 - - - 	 - 
Anterior Medial (N=0) 	 - - - 	 - 
Lateral (N=0) 	 - - - 	 - 
Central Medial (N=5) 	2004 (±931) 132219 	(±110070) 
[416] [49225] 
Lateral (N=0) 	 - - - 	 - 
Posterior Medial (N=3) 	777 (±109) 19494 	(±4137) 
[63] [2388] 
Lateral (N0) 	 - - - 	 - 
Arthritic 	 All Medial (N=7) 1689 (±1089) 88128 (±131249) 
[412] [49607] 
Lateral (N=12) 2481 (±1889) 313196 (±479907) 
[545] [138537] 
Anterior Medial (N=2) 1636 (±474) 57168 (±28923) 
[335] [20451] 
Lateral (N=3) 2130 (±1792) 153368 (±193979) 
[1035] [111994] 
Central Medial (N=5) 1710 (±1312) 100512 (±157985) 
[587] [70653] 
Lateral (N=5) 3436 (±2287) 568844 (±679003) 
[1023] [303659] 
Posterior Medial (N=0) - - - - 
Lateral (N=4) 1551 (±1081) 113506 (±130470) 
[541] F652351 
Table E.187 Calculated values of AB and AB2 ; Meniscal pair variation; Axial 
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Circumferential 
CIRC. 	Location Menisci A (±SD) B (±SD) 
[SEF] 
Injury 	 All Medial (N=2) 19.49 (±1.19) 37.00 (±19.50) 
[0.84] [13.80] 
Lateral (N=0) - - - - 
Anterior Medial (N=0) - - - - 
Lateral (N0) - - - - 
Central Medial (N1) 18.65 - 50.72 - 
Lateral (N0) - - - - 
Posterior Medial (N=1) 20.33 - 23.19 - 
Lateral (N=0) - - - - 
Arthritic 	 All Medial (N=4) 16.60 (±6.19) 28.90 (±15.40) 
[3.10] [7.70] 
Lateral (N=6) 14.62 (±4.69) 40.40 (±22.70) 
[1.90] [9.30] 
Anterior Medial (N=2) 14.79 (±2.37) 35.64 (±6.50) 
[1.68] [4.60] 
Lateral (N=1) 14.62 - 54.99 - 
Central Medial (N=0) - - - - 
Lateral (N=4) 14.96 (±5.99) 37.60 (±27.80) 
[2.99] [13.90] 
Posterior Medial (N=2) 18.41 (±9.82) 22.20 (±22.00) 
[6.94] [15.60] 
Lateral (N=1) 13.26 - 37.02 - 
Table E.188 Regression model parameters A and B; Meniscal pair variation; Circumferential 
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CIRC. 	Location Menisci AB (±SD) A62 (±SD) 
'SEMI...  [SEMI _ 
Injury 	 All Medial (N=2) 709 (±335) 29453 (±26195) 
[237] [18523] 
Lateral (N=0) - - - - 
Anterior Medial (N=0) - - - - 
Lateral (N=0) - - - - 
Central Medial (N=1) 946 - 47976 - 
Lateral (N=0) - - - - 
Posterior Medial (N=1) 471 - 10931 - 
Lateral (N=0) - - - - 
Arthritic 	 All 	Medial (N=4) 410 (±167) 13647 (±8700) 
[83] [4350] 
Lateral (N=6) 522 (±220) 24757 (±19432) 
[90] [7933] 
Anterior 	Medial (N=2) 519 (±12) 18551 (±3789) 
[8] [2679] 
Lateral (N=1) 804 - 44219 - 
Central 	Medial (N=0) - - - - 
Lateral (N=4) 460 (±220) 21538 (±21790) 
[110] [10895] 
Posterior 	Medial (N=3) 301 (±188) 8743 (±10794) 
[133] [7633] 
Lateral (N=1) 491 - 18170 - 
Table E.189 Calculated values of AB and AB2 ; Meniscal pair variation; Circumferential. 
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Radial 
RADIAL 	Location Menisci A (±SD) B (±SD) 
L___. .... iJ 
Injury 	 All Medial (N=0) - - - - 
Lateral (N=6) 8.32 (±3.79) 15.89 (±6.10) 
[1.55] [2.49] 
Anterior Medial (N=0) - - - - 
Lateral (N=0) - - - - 
Central Medial (N=4) 8.39 (±4.77) 16.98 (±7.52) 
[2.38] [3.76] 
Lateral (N=0) - - - - 
Posterior Medial (N2) 8.18 (±1.88) 13.71 (±1.34) 
[1.33] [0.95] 
Lateral (N0) - - - - 
Arthritic 	 All Medial (N=0) - - - - 
Lateral (N9) 11.90 (±10.56) 68.10 (±99.90) 
[3.52] [33.30] 
Anterior Medial (N=0) - - - - 
Lateral (N=5) 13.88 (±13.32) 35.60 (±34.50) 
[5.96] [15.40] 
Central Medial (N=0) - - - - 
Lateral (N=1) 19.61 - 36.48 - 
Posterior Medial (N=0) - - - - 
Lateral (N=3) 6.04 (±0.40) 132.90 (±167.60) 
[0.23] F96.701 
Table E.190 Regression model parameters A and B; Meniscal pair variation; Radial 
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RADIAL 	Location Menisci AB (±SD) AB-' (±SD) 
[SEM] [SEMI 
Injury 	 All Medial (N=0) - - - - 
Lateral (N=6) 131 (±94) 2400 (±2844) 
[381 [1161] 
Anterior Medial (N0) - - - - 
Lateral (N=0) - - - - 
Central Medial (N=4) 142 (±120) 2844 (±3563) 
[60] [1781] 
Lateral (N0) - - - - 
Posterior Medial (N=2) 111 (±15) 1511 (±55) 
[11] [39] 
Lateral (N=0) - - - - 
Arthritic 	All 	Medial (N=0) - 	 - - - 
Lateral (N=9) 469 	(±596) 80579 (±211763) 
[199] [70588] 
Anterior 	Medial (N=0) - 	 - - - 
Lateral (N=5) 220 	(±82) 6986 (±4742) 
[37] [2121] 
Central 	Medial (N=0) - 	 - - - 
Lateral (N=1) 715 	 - 26096 - 
Posterior 	Medial (N=0) - 	 - - - 
Lateral (N=3) 803 	(±1027) 221396 (±366826) 
15931 12117871 
Table E.191 Calculated values of AB and AB2 ; Meniscal pair variation; Radial 
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Material Properties 
Meniscus Ultimate Stress (±SD) 	Ultimate Strain (±SD) 
[SMJ 
Axial Injury Medial (N=8) 35.16 (±4.26) 0.1258 (±0.0269) 
[1.51] [0.0095] 
Lateral (N=0) - - - - 
Axial Arthritic Medial (N=7) 44.95 (±5.00) 0.1123 (±0.0142) 
[1.90] [0.0054] 
Lateral (N=12) 34.30 (±12.30) 0.0844 (±0.0385) 
[3.60] [0.0110] 
Circ. Injury Medial (N=2) 19.27 (±0.52) 0.1193 (±0.0075) 
[0.36] [0.0053] 
Lateral (N=0) - - - - 
Circ. Arthritic Medial (N=5) 13.69 (±2.86) 0.0913 (±0.0296) 
[1.30] [0.0130] 
Lateral (N=7) 13.22 (±2.32) 0.0863 (±0.0184) 
[0.88] [0.0069] 
Radial Injury Medial (N=6) 6.50 (±3.13) 0.1173 (±0.0385) 
[1.28] [0.0157] 
Lateral (N=0) - - - - 
Radial Arthritic Medial (N=0) - - - - 
Lateral (N10) 7.47 (±4.11) 0.0677 (±0.0276) 
[1.30] 10.00871 
Table E.192 Ultimate shear stress and ultimate shear strain; Meniscal pair variation 
Meniscus Tangent (±SD) Yield (±SD) Yield (±SD) 
Modulus [SEM] Stress [SEM] Strain [SEM] 
Axial Injury Medial (N=8) 959 (±383) 21.26 (±6.31) 0.0252 (±0.0040) 
[135] [2.23] [0.0014] 
Lateral (N=0) - - - - - - 
Axial Arthritic Medial (N=7) 1156 (±343) 24.30 (±11.30) 0.0236 (±0.0098) 
[130] [4.30] [0.0037] 
Lateral (N=12) 1644 (±982) 21.11 (±9.69) 0.0192 (±0.0131) 
[283] [2.80] [0.0038] 
Circ. Injury Medial (N=2) 511 (±209) 11.06 (±1.21) 0.0251 (±0.0071) 
[148] [0.86] [0.0050] 
Lateral (N=0) - - - - - - 
Circ. Arthritic Medial (N=5) 312 (±109) 6.50 (±2.96) 0.0236 (±0.0099) 
[49] [1.50] [0.0050] 
Lateral (N=7) 470 (±281) 5.77 (±2.21) 0.0179 (±0.0120) 
[106] [0.90] [0.0049] 
Radial Injury Medial (N=6) 103 (±73) 3.11 (±2.49) 0.0392 (±0.0229) 
[33] [1.11] [0.0102] 
Lateral (N=0) - - - - - - 
Radial Arthritic Medial (N=0) - - - - - - 
Lateral (N=10) 312 (±382) 4.84 (±2.95) 0.0279 (±0.0183) 
[121] [0.98] 10.00611 
Table E.193 Tangent modulus, offset yield stress and offset yield strain; Meniscal pair variation 
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AXIAL Injury Meniscus Ultimate Stress (±SD) 	Ultimate Strain (±SD) 
(MPa) [SEM] _jyjJ_ 
Anterior Medial (N=0) - - 	 - - 
Lateral (N=0) - - 	 - - 
Central Medial (N=5) 37.80 (±1.79) 	 0.1282 (±0.0243) 
[0.80] [0.01 09] 
Lateral (N=0) - - 	 - - 
Posterior Medial (N=3) 30.77 (±3.31) 	 0.1218 (±0.0362) 
[1.91] [0.0209] 
Lateral (N=0) - - 	 - - 
AXIAL Arthritic 
Anterior Medial (N=2) 47.37 (±4.62) 0.1039 (±0.0107) 
[3.30] [0.0076] 
Lateral (N=3) 38.20 (±18.20) 0.0936 (±0.0215) 
[11.00] [0.0120] 
Central Medial (N=5) 43.98 (±5.30) 0.1157 (±0.0150) 
[2.40] [0.0067] 
Lateral (N=5) 36.30 (±12.10) 0.0755 (±0.0552) 
[5.40] [0.0250] 
Posterior Medial (N=0) - - - - 
Lateral (N=4) 28.70 (±8.82) 0.0887 (±0.0288) 
[4.41] [0.0144] 
Table E.194 Ultimate shear stress and ultimate shear strain; Meniscus pair variation; Axial 
regions. 













Anterior Medial (N=0) 
-- 
- 
Lateral (N=0) - 
Central Medial (N=5) 1175 (±309) 24.51 (±5.87) 0.0230 (±0.0014) 
[138] [2.63] [0.0006] 
Lateral (N=0) - - - - - - 
Posterior Medial (N=3) 599 (±109) 15.84 (±0.16) 0.0290 (±0.0043) 
[63] [0.09] [0.0025] 
Lateral (N=0) - - - - - - 
AXIAL Arthritic 
Anterior Medial (N=2) 1247 (±184) 25.20 (±8.16) 0.0220 (±0.0036) 
[130] [5.80] [0.0025] 
Lateral (N=3) 1703 (±1096) 17.50 (±13.90) 0.0108 (±0.0034) 
[633] [8.00] [0.0020] 
Central Medial (N=5) 1120 (±403) 23.90 (±13.20) 0.0243 (±0.0118) 
[180] [5.90] [0.0053) 
Lateral (N=5) 2047 (±1082) 24.89 (±9.30) 0.0176 (±0.0086) 
[484] [4.20] [0.0039] 
Posterior Medial (N=0) - - - - - - 
Lateral (N=4) 1096 (±704) 19.10 (±7.62) 0.0274 (±0.0189) 
(1 [3.81] [0.0095] 
Table E.195 Tangent modulus, offset yield stress and offset yield strain; Meniscus variation; 
Axial regions. 
Robert Moran 427 
Appendix E - Shear Test Data 
E.2 Knee Variation 
Regression Model Parameters 
Axial 
AXIAL 	Location Menisci Knee A (±SD) B (±SD) 
Injury 	 All All Right (N=4) 36.86 (±1.03) 48.20 (±24.10) 
[0.51] [12.00] 
Left (N=4) 31.77 (±2.26) 40.40 (±31.10) 
[1.10] [16.00] 
A All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=4) 36.86 (±1.03) 48.20 (±24.10) 
[0.51] [12.10] 
Left (N=1) 33.75 - 87.00 - 
Medial Right (N=4) 36.86 (±1.03) 48.20 (±24.10) 
[0.51] [12.10] 
Left (N=1) 33.75 - 87.00 - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=3) 31.09 (±2.22) 24.92 (±1.70) 
[1.28] [0.98] 
Medial Right (N0) - - - - 
Left (N=3) 31.09 (±2.22) 24.92 (±1.70) 
[1.28] [0.98] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table E.196 Regression model parameters A and B; Knee variation; Axial injured menisci 
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x E - Shear Test Data 
AXIAL 	Location Menisci Knee AB (±SD) AB2 (±SD) 
[SEM] [!L 
Injury 	 All All Right (N=4) 1770 (±890) [445] 101322 (±98944) 
[49472] 
Left (N=4) 1318 (±1085) 78572 (±118204) 
[543] [59102] 
A All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=4) 1770 (±890) 101322 (±98944) 
[445] [49472] 
Left (N=1) 2940 - 255866 - 
Medial Right (N=4) 1770 (±890) 101322 (±98944) 
[445] [49472] 
Left (N=1) 2940 - 255866 - 
Lateral Right (N0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=3) 777 (±109) 19494 (±4137) 
[63] [2388] 
Medial Right (N=0) - - - - 
Left (N=3) 777 (±109) 19494 (±4137) 
[63] [2388] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table E.197 Calculated values of AB and AB2 ; Knee variation; Axial injured menisci 
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E - Shear Test Data 
AXIAL 	Location Menisci Knee A (±SD) B (±SD) 
[SEMI FSEMJ 
Arthritic 	All All Right (N=15) 38.20 (±11.40) 61.30 (±70.30) 
[2.90] [18.00] 
Left (N=4) 42.87 (±7.79) 76.10 (±25.90) 
[3.90] [13.00] 
A All Right (N=3) 41.30 (±11.80) 27.10 (±12.80) 
[6.80] [7.40] 
Left (N=2) 46.49 (±6.09) 67.10 (±38.10) 
[4.30] [27.00] 
Medial Right (N=2) 48.06 (±2.81) 33.80 (±7.88) 
[1.99] [5.58] 
Left (N=0) - - - - 
Lateral Right (N=1) 27.98 - 13.83 - 
Left (N=2) 46.49 (±6.09) 67.10 (±38.10) 
[4.31] [26.90] 
C All Right (N=9) 40.61 (±10.60) 78.60 (±86.60) 
[3.53] [28.90] 
Left (N=1) 46.06 - 74.45 - 
Medial Right (N=5) 45.59 (±5.73) 38.80 (±32.70) 
[2.56] [14.60] 
Left (N=0) - - - - 
Lateral Right (N=4) 34.38 (±12.76) 128.30 (±112.30) 
[6.38] [56.20] 
Left (N=1) 46.06 - 74.45 - 
P All Right (N=3) 27.78 (±10.94) 43.60 (±29.60) 
[6.32] [17.10] 
Left (N=1) 32.45 - 95.95 - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=3) 27.78 (±10.94) 43.60 (±29.60) 
[6.32] [17.10] 
Left (N=1) 32.45 - 95.95 - 
Table E.198 Regression model parameters A and B; Knee variation; Axial arthritic menisci 
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Appendix E - Shear Test Data 
AXIAL 	Location 	Menisci Knee AB (±SD) AB (±SD) 
[SEM] 
Arthritic 	All 	All Right (N=15) 1937 (±1745) 224435 (±448211) 
[450] [115728] 
Left (N=4) 3137 (±812) 252180 (±123541) 
[406] [61771] 
A 	All Right (N=3) 1219 (±769) 39890 (±36427) 
[459] [20927] 
Left (N=2) 3003 (±1363) 227385 (±205876) 
[964] [145576] 
Medial Right (N=2) 1636 (±474) 57168 (±28923) 
[335] [20451] 
Left (PJ=rn - - 
Lateral Right (N=1) 385 - 5334 - 
Left (N=2) 3003 (±1363) 227385 (±205876) 
[964] [145576] 
C 	All Right (N=9) 2478 (±2075) 343502 (±557376) 
[692] [185792] 
Left (N=1) 3429 - 255257 - 
Medial Right (N=5) 1710 (±1312) 100512 (±157985) 
[587] [70653] 
Left (N=0) - - - - 
Lateral Right (N=4) 3438 (±2641) 647241 (±757464) 
[1321] [378732] 
Left (N=1) 3429 - 255257 - 
P 	All Right (N=3) 1030 (±356) 51777 (±51681) 
[205] [29838] 
Left (N=1) 3113 - 298693 - 
Medial Right (N=O) - - - - 
Left (N=0) - - - - 
Lateral Right (N=3) 1030 (±356) 51777 (±51681) 
[205] [29838] 
Left (N=1) 3113 - 298693 - 
Table E.199 Calculated values of AB and AB2; Knee variation; Axial arthritic menisci. 
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Appendix E - Shear Test Data 
Circumferential 
CIRC. 	Location 	Menisci 	Knee 	 A 	(±SD) 	B 	 (±SD) 
FSEM 
Injury 	 All 	All 	Right (N=0) 	 - 	 - 	- 	 - 
	
Left (N=2) 	19.49 	(±1.19) 	37.00 	(±19.50) 
[0.84] [13.80] 
A 	All Right (N=0) - - 	 - 	 - 
Left (N=0) - - 	 - 	 - 
Medial Right (N=0) - - 	 - 	 - 
Left (N=0) - - 	 - 	 - 
Lateral Right (N=0) - - 	 - 	 - 
Left (N=0) - - 	 - 	 - 
C 	All Right (N=0) - - 	 - 	 - 
Left (N=1) 18.65 - 	 50.72 	 - 
Medial Right (N=0) - - 	 - 	 - 
Left (N=1) 18.65 - 	 50.72 	 - 
Lateral Right (N=0) - - 	 - 	 - 
Left (N=0) - - 	 - 	 - 
P 	All Right (N=0) - - 	 - 	 - 
Left (N=1) 20.33 - 	 23.19 	 - 
Medial Right (N=0) - - 	 - 	 - 
Left (N=1) 20.33 - 	 23.19 	 - 
Lateral Right (N=0) - - 	 - 	 - 
Left (N=0) - - 	 - 	 - 
Table E.200 Regression model parameters A and B; Knee variation; Circumferential injured 
menisci. 
Robert Moran 	 432 
ix E - Shear Test Data 
CIRC 	Location Menisci Knee AB (±SD) —AF (±SD) 
[SEM] [SEMI 
Injury 	 All All Right (N=0) - - - - 
Left (N=2) 709 (±335) 29453 (±26195) 
[237] [18523] 
A All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N0) - - - - 
Left (N0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=0) - - - - 
Left (N=1) 946 - 47976 - 
Medial Right (N=0) - - - - 
Left (N=1) 946 - 47976 - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N=0) - - - - 
Left (N=1) 471 - 10931 - 
Medial Right (N=0) - - - - 
Left (N=1) 471 - 10931 - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table E.201 Calculated values of AB and AB2; Knee variation; Circumferential injured menisci. 
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Appendix E - Shear Test Data 
CIRC. 	Location Menisci Knee A (±SD) B (±SD) 
[SEM] [SEM] 
Arthritic 	All All Right (N=10) 15.82 (±5.68) 35.00 (±20.90) 
[2.00) [7.40] 
Left (N=2) 13.77 (±1.21) 39.10 (±22.50) 
[0.85] [16.00] 
A All Right (N=2) 14.79 (±2.37) 35.64 (±6.50) 
[1.68] [4.60] 
Left (N=1) 14.62 - 54.99 - 
Medial Right (N=2) 14.79 (±2.37) 35.64 (±6.50) 
[1.68] [4.60] 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=1) 14.62 - 54.99 - 
C All Right (N=3) 15.64 (±7.14) 42.40 (±32.00) 
[4.12] (18.40] 
Left (N=1) 12.91 - 23.24 - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=3) 15.64 . 	 (±7.14) . 42.40 (±32.00) 
[4.12] [18.40] 
Left (N=1) 12.91 - 23.24 - 
P All Right (N=4) 16.69 (±7.55) 27.10 (±17.80) 
[4.36] [10.30] 
Left (N=0) - - - 
Medial Right (N=3) 18.41 (±9.82) 22.20 (±22.00) 
[6.94] [15.60] 
Left (N=0) - - - - 
Lateral Right (N=1) 13.26 - 37.02 - 
Left (N=0) - - - - 
Table E.202 Regression model parameters A and B; Knee variation; Circumferential arthritic 
menisci. 
Robert Moran 	 - 	 434 
Appendix E - Shear Test Data 




Arthritic 	All All Right (N=10) 459 (±175) [62] 18992 (±15343) 
[5425] 
Left (N=2) 552 (±356) [252] 25592 (±26339) 
[18624] 
A All Right (N=2) 519 (±12) 18551 (±3789) 
[8] [2679] 
Left (N=1) 804 - 44219 - 
Medial Right (N=2) 519 (±12) 18551 (±3789) 
[8] [2679] 
Left (N=0) - - - - 
Lateral Right (N=0) - - 
Left (N=1) 804 - 44219 - 
C All Right (N=3) 513 (±236) 26393 (±23890) 
[136] [13793] 
Left (N=1) 300 - 6971 - 
Medial Right (N0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=3) 513 (±236) 26393 (±23890) 
[136] 	- [13793] 
Left (N=1) 300 - 6971 - 
P All Right (N=4) 364 (±172) 11886 (±9374) 
[100] [5412] 
Left (N=0) - - 
Medial Right (N=3) 301 (±188) 8743 (±10794) 
[133] [7633] 
Left (N=0) - - - - 
Lateral Right (N=1) 491 - 18170 - 
Left (N=0) - - - - 
Table E.203 Calculated values of AB and AB 2; Knee variation; Circumferential arthritic 
menisci. 
Robert Moran 435 
x E - Shear Test Data 
Radial 
RADIAL 	Location Menisci Knee A (±SD) B (±SD) 
JML __IML 
Injury 	 All All Right (N=3) 7.39 (±5.29) 13.77 (±4.78) [2.80] 
[3.10] 
Left (N=3) 9.26 (±2.29) 18.02 (±7.52) [4.30) 
[1.30] 
A All Right (N=0) - - - - 
Left (N=0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=3) 7.39 (±5.29) 13.77 (±4.78) 
[3.06] [2.76] 
Left (N=1) 11.42 - 26.63 - 
Medial Right (N=3) 7.39 (±5.29) 13.77 (±4.78) 
[3.06] [2.76] 
Left (N=1) 11.42 - 26.63 - 
Lateral Right (N=0) - - - - 
Left (N0) - - - - 
P All Right (N=0) - - - - 
Left (N=2) 8.18 (±1.88) 13.71 (±1.34) 
[1.33] [0.95] 
Medial Right (N=0) - - - - 
Left (N=2) 8.18 (±1.88) 13.71 (±1.34) 
[1.33] [0.95] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table E.204 Regression model parameters A and B; Knee variation; Radial injured menisci. 
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Appendix E - Shear Test Data 
RADIAL 	Location Menisci Knee AB (±SD) AB (±SD) 
[SEM] [SEM] 
Injury 	 All All Right (N=3) 88 (±62) 1094 (±814) 
[36] [470] 
Left (N=3) 175 (±112) 3706 (±3801) 
[65] [2195] 
A All Right (N=0) - - - - 
Left (N0) - - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
C All Right (N=3) 88 (±62) 1094 (±814) 
[36] [470] 
Left (N1) 304 - 8095 - 
Medial Right (N=3) 88 (±62) 1094 (±814) 
[36] [470] 
Left (N=1) 304 - 8095 - 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
P All Right (N0) - - - - 
Left (N=2) 111 (±15) 1511 (±3563) 
[11] [1781] 
Medial Right (N=0) - - - - 
Left (N=2) 111 (±15) 1511 (±3563) 
[11] [1781] 
Lateral Right (N=0) - - - - 
Left (N=0) - - - - 
Table E.205 Calculated values of AB and AB2 ; Knee variation; Radial injured menisci. 
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Appendix E - Shear Test Data 
RADIAL Location 	Menisci 	Knee 	 A 	(±SD) 	B 	 (±SD) 
	
[SEM] ____LSEM  
Arthritic 	All 	All 	Right (N=9) 	12.27 	(±11.23) 	73.00 	(±105.60) 
[3.97] [37.30] 
Left (N=1) 	8.97 	 - 	28.58 	 - 
A 	All Right (N=5) 15.10 (±15.05) 37.30 (±39.60) 
[7.53] [19.80] 
Left (N1) 8.97 - 28.58 - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=5) 15.10 (±15.05) 37.30 (±39.60) 
[7.53] [19.80] 
Left (N=1) 8.97 - 28.58 - 
C 	All Right (N1) 19.61 - 36.48 - 
Left (N=0) - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N1) 19.61 - 36.48 - 
Left (N=0) - - - 
P 	All Right (N=3) 6.04 (±0.40) 132.90 (±167.60) 
[0.23] [96.70] 
Left (N0) - - 
Medial Right (N=0) - - - - 
Left (N0) - - - - 
Lateral Right (N=3) 6.04 (±0.40) 132.90 (±167.60) 
[0.23] [96.70] 
Left (N=0) - - - - 
Table E.206 Regression model parameters A and B; Knee variation; Radial arthritic menisci. 
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Appendix E - Shear Test Data 
	
RADIAL Location 	Menisci 	Knee 	AB 	(±SD) 	AB2 	(±SD) 
[SEMI [SEMI 
All 	All 	Right (N=9) 	496 	(±631) 	89735 	(±224472) 
[223] (793631 
Left (N=1) 	 - 	7330 	 - 
A 	All Right (N=5) 211 (±92) 6900 (±5471) 
[46] [2736] 
Left (N=1) 256 - 7330 - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=5) 211 (±92) 6900 (±5471) 
[46] [2736] 
Left (N=1) 256 - 7330 - 
C 	All Right (N=1) 715 - 26096 - 
Left (N=0) - - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N1) 715 - 26096 - 
Left (N=0) - - - 
P 	All Right (N=3) 803 (±1027) 221396 (±366826) 
[593] [211787] 
Left (N=0) - - 
Medial Right (N=0) - - - - 
Left (N=0) - - - - 
Lateral Right (N=3) 803 (±1027) 221396 (±366826) 
[593] [211787] 
Left (N=0) - - - - 
Table E.207 Calculated values of AB and AB 2; Knee variation; Radial arthritic menisci. 
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Appendix E - Shear Test Data 
Material Properties 
Knee Ultimate Stress (±SD) Ultimate Strain - 	 (±SD) 
(MPa) [SEM] [SEMI 
Axial Injury Right (N=4) 38.47 (±1.13) 0.1226 (±0.0241) 
[0.56] [0.0120] 
Left (N=4) 31.86 (±3.46) 0.1290 (±0.0329) 
[1.70] [0.0160] 
Axial Arthritic Right (N=15) 36.30 (±11.90) 0.0916 (±0.0376) 
[3.10] [0.0097] 
Left (N=4) 45.27 (±6.11) 0.1063 (±0.0133) 
[3.10] [0.00671 
Circ. Injury Right (N=0) - - - - 
Left (N=2) 19.27 (±0.52) 0.1193 (±0.0075) 
[0.36] [0.0053] 
Circ. Arthritic Right (N=10) 13.45 (±2.48) 0.0865 (±0.0239) 
[0.78] [0.0076] 
Left (N=2) 13.26 (±3.16) 0.0975 (±0.0156) 
[2.20] [0.0110] 
Radial Injury Right (N=3) 5.55 (±3.72) 0.1365 (±0.0507) 
[2.10] [0.0290] 
Left (N=3) 7.46 (±2.80) 0.0980 (±0.0049) 
[1.60] [0.0028] 
Radial Arthritic Right (N=9) 7.33 (±4.34) 0.0645 (±0.0273) 
[1.45] [0.0091] 
Left (N=1) 8.69 - 0.0961 - 
Table E.208 Ultimate shear stress and ultimate shear strain; Knee variation. 
Knee Tangent (±SD) Yield (±SD) Yield (±SD) 
Modulus [SEM] Stress [SEM] Strain [SEM] 
Axial Injury Right (N=4) 1106 (±310) 23.45 (±6.21) 0.0233 (±0.0014) 
[155] [3.10] [0.0007] 
Left (N=4) 812 (±434) 19.07 (±6.45) 0.0272 (±0.0050) 
[217] [3.20] [0.0025] 
Axial Arthritic Right (N=15) 1290 (±836) 20.80 (±10.50) 0.0223 (±0.0130) 
[216] [2.70] [0.0033] 
Left (N=4) 2119 (±373) 27.62 (±7.05) 0.0152 (±0.0038) 
(186] [3.50] [0.0019] 
Circ. Injury Right (N=0) - - - - - - 
Left (N=2) 511 (±209) 11.06 (±1.21) 0.0251 (±0.0071) 
[148] [0.86] [0.0050] 
Circ. Arthritic Right (N=10) 397 (±241) 5.90 (±2.56) 0.0206 (±0.0124) 
[76] [0.90] [0.0044] 
Left (N=2) 442 (±258) 6.71 (±2.28) 0.0185 (±0.0045) 
[183] [1.60] [0.0032] 
Radial Injury Right (N=3) 61 (±66) 0.91 (±0.05) 0.0404 (±0.0426) 
[47] [0.04] [0.0300] 
Left (N=3) 132 (±73) 4.58 (±2.07) 0.0385 (±0.0116) 
[42] [1.20] [0.0067] 
Radial Arthritic Right (N=9) 321 (±404) 5.02 (±3.10) 0.0293 (±0.01 90) 
[135] [1.09] [0.0067] 
Left (N=1) 233 - 3.36 - 0.0164 - 
Table E.209 Tangent modulus, offset yield stress and offset yield strain; Knee variation 
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x E - Shear Test Data 
Axial 
AXIAL Injury Knee Ultimate Stress (±SD) Ultimate Strain (±SD) 
(MPa) [SEMI LS_EML 
Anterior Right (N0) - - - - 
Left (N0) - - - - 
Central Right (N=4) 38.65 (±1.13) 0.1226 (±0.0241) 
[0.56] [0.01 20] 
Left (N=1) 35.11 - 0.1506 - 
Posterior Right (N=0) - - - - 
Left (N=3) 30.77 (±3.31) 0.1218 (±0.0362) 
[1.91] [0.0209] 
AXIAL Arthritic 
Anterior Right (N=3) 37.40 (±17.60) 0.0925 (±0.0212) 
[10.00] [0.0120] 
Left (N=2) 48.68 (±3.46) 0.1057 (±0.0074) 
[2.40] [0.0052] 
Central Right (N=9) 39.39 (±9.95) 0.0926 (±0.0452) 
[3.32] [0.01 51) 
Left (N=1) 47.05 - 0.1223 - 
Posterior Right (N=3) 26.04 (±8.61) 0.0878 (±0.0352) 
[4.97] [0.0203] 
Left (N=1) 36.68 - 0.0915 - 
Table E.210 Ultimate shear stress and ultimate shear strain; Knee variation; Axial regions. 













Anterior Right (N=0) - - - - - - 
Left (N=0) - - - - - - 
Central Right (N=4) 1106 (±310) 23.45 (±6.21) 0.0233 (±0.0014) 
[155] [3.10] [0.0070] 
Left (N=1) 1449 - 28.73 - 0.0218 - 
Posterior Right (N=0) - - - - - - 
Left (N=3) 599 (±109) 15.84 (±0.16) 0.0290 (±0.0014) 
[63] [0.09] [0.0025] 
AXIAL Arthritic 
Anterior Right (N=3) 1003 (±441) 17.70 (±14.30) 0.0169 (±0.0091) 
[255] [8.30] [0.0052] 
Left (N=2) 2297 (±538) 24.94 (±7.14) 0.0128 (±0.0006) 
[381] [5.10] [0.0004] 
Central Right (N=9) 1545 (±958) 23.09 (±10.56) 0.0209 (±0.0110) 
(319] [3.52] [0.0037] 
Left (N=1) 1935 - 36.20 - 0.0207 - 
Posterior Right (N=3) 812 (±511) 17.33 (±8.26) 0.0317 (±0.0207) 
[295] [4.77] [0.0119] 
Left (N=1) 1946 - 24.41 - 0.0145 - 
Table E.211 Tangent modulus, offset yield stress and offset yield strain; Knee variation; Axial 
regions. 
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Circumferential 
CIRC Injury 	 Knee Ultimate Stress 	 (±SD) 	Ultimate Strain 	 (±SD) 
(MPa)_ Jj_  
Anterior 	 Right (N=0) - 	 - 	 - 	 - 
Left (N=0) - 	 - 	 - 	 - 
Central 	 Right (N=0) - 	 - 	 - 	 - 
Left (N=1) 19.63 	 - 	 0.1140 	 - 
Posterior 	Right (N0) - 	 - 	 - 	 - 
Left (N=1) 18.90 	 - 	 0.1246 	 - 
CIRC Arthritic 
Anterior Right (N=3) 14.33 (±2.14) 0.0981 (±0.0200) 
[1.24] [0.0112] 
Left (N=1) 15.50 - 0.1085 - 
Central Right (N=3) 13.41 (±3.31) 0.0784 (±0.0243) 
[1.91] [0.0140] 
Left (N=1) 11.03 - 0.0865 - 
Posterior Right (N=4) 12.81 (±2.61) 0.0840 (±0.0292) 
[1.30] [0.0146] 
Left (N=0) - - - - 
Table E.212 Ultimate shear stress and ultimate shear strain; Knee variation; Circumferential 
regions. 
CIRC Injury Knee Tangent (±SD) 	Yield (±SD) 	Yield 	(±SD) 
Modulus [SEM] Stress [SEM] Strain [SEM] 
(MPa) 
Anterior Right (N=0) - - 	 - - 	 - 	 - 
Left (N=0) - - 	 - - 	 - 	 - 
Central Right (N=0) - - 	 - - 	 - 
Left(N=1) 659 - 	 11.92 - 	 0.0201 	 - 
Posterior Right (N0) - - 	 - - 	 - 	 - 
Left (N=1) 363 - 	 10.21 - 	 0.0301 	 - 
CIRC Arthritic 
Anterior Right (N=3) 327 (±152) 7.55 (±2.26) 0.0221 (±0.0108) 
[88] [1.60] [0.0077] 
Left (N=1) 625 - 8.32 - 0.0153 - 
Central Right (N=3) 615 (±351) 4.74 (±2.54) 0.0168 (±0.0186) 
[203] [1.47] [0.0108] 
Left (N=1) 260 - 5.11 - 0.0217 - 
Posterior Right (N=4) 285 (±86) 5.96 (±3.03) 0.0235 (±0.0097) 
[43] [1.75] [0.0059] 
Left (N=0) - - - - - - 
Table E.213 Tangent modulus, offset yield stress and offset yield strain; Knee variation; 
Circumferential regions. 
Robert Moran 	 442 
Appendix E - Shear Test Data 
Radial 
RADIAL Injury Knee Ultimate Stress (±SD) Ultimate Strain (±SD) 
(MPa) [SEM] JSEMJ 
Anterior Right (N=0) - - - - 
Left (N=0) - - - - 
Central Right (N=3) 5.55 (±3.72) 0.1365 (±0.0507) 
[2.15] [0.0293] 
Left (N1) 10.66 - 0.1029 - 
Posterior Right (N=0) - - - - 
Left (N=2) 5.87 (±0.64) 0.0956 (±0.0035) 
[0.45] [0.0025] 
RADIAL Arthritic 
Anterior Right (N=5) 6.50 (±4.46) 0.0658 (±0.0321) 
[1.99] [0.0144] 
Left (N=1) 8.69 - 0.0961 - 
Central Right (N1) 15.15 - 0.0709 - 
Left (N=0) - - - - 
Posterior Right (N=3) 6.12 (±1.04) 0.0392 (±0.0231) 
[0.60] [0.01 33] 
Left (N0) - - - - 
Table E.214 Ultimate shear stress and ultimate shear strain; Knee variation; Radial regions. 













Anterior Right (N=0) - - - - - - 
Left (N=0) - - - - - - 
Central Right (N=3) 61 (±66) 0.91 (±0.05) 0.0404 (±0.0426) 
[47] [0.04] [0.0302] 
Left (N=1) 216 - 6.64 - 0.0327 - 
Posterior Right (N=0) - - - - - - 
Left (N=2) 89 (±4) 3.55 (±1.49) 0.0414 (±0.0148) 
[3] [1.05] [0.0105] 
RADIAL Arthritic 
Anterior Right (N=5) 140 (±78) 4.56 (±2.46) 0.0415 (±0.0197) 
[35] [1.23] [0.0098] 
Left (N=1) 233 - 3.36 - 0.0164 - 
Central Right (N=1) 531 - 11.12 - 0.0230 - 
Left (N=0) - - - - - - 
Posterior Right (N=3) 553 (±674) 3.60 (±1.55) 0.0152 (±0.0084) 
[389] [0.90] [0.0048] 
Left (N=0) - - - - - - 
Table E.215 Tangent modulus, offset yield stress and offset yield strain; Knee variation; Radial 
regions. 
Robert Moran 	 - 443 
Appendix E - Shear Test Data 
E.3 Gender Variations 
Regression Model Parameters 
Orientation Pathology Gender A (±SD) B (±SD) 
[SEMI [SEMI 
Axial Injury Male (N=8) 34.31 (±3.17) 44.30 (±26.08) 
[1.12] [9.22] 
Female (N=0) - - - - 
Arthritic Male (N=1 5) 38.00 (±11.70) 65.20 (±69.30) 
[3.00] [18.00] 
Female (N=4) 43.54 (±4.10) 61.50 (±39.20) 
[2.10] [20.00] 
Circumferential Injury Male (N=2) 19.49 (±1.19) 37.00 (±19.50) 
[0.84] [13.80] 
Female (N=0) - - - - 
Arthritic Male (N=9) 14.31 (±3.95) 39.07 (±18.21) 
[1.32] [6.07] 
Female (N1) 25.35 - 6.62 - 
Radial Injury Male (N=6) 8.32 (±3.79) 15.89 (±6.10) 
[1.55] [2.49] 
Female (N=0) - - - - 
Arthritic Male (N=9) 12.27 (±11.23) 73.00 (±105.6) 
[3.97] [37.3] 
Female (N=1) 8.97 - 28.58 - 
Table E.216 Regression model parameters A and B; Gender variation. 
Orientation Pathology Gender AB (±SD) AB' (±SD) 
SEM [SEMI 
Axial Injury Male (N=8) 1544 (±950) 89947 (±1 6f64-5—) 
[336] [35937] 
Female (N=0) - - - - 
Arthritic Male (N=15) 2071 (±1703) 236096 (±442684) 
[440] [114301] 
Female (N=4) 2634 (±1583) 208452 (±195571) 
[792] [97785] 
Circumferential Injury Male (N=2) 709 (±335) 29453 (±26195) 
[237] [18523] 
Female (N=0) - - - - 
Arthritic Male (N=9) 511 (±176) 22447 (±15818) 
[59] [5273] 
Female (N=1) 168 - 1111 - 
Radial Injury Male (N=6) 131 (±94) 2400 (±2844) 
[38] [1161] 
Female (N0) - - - - 
Arthritic Male (N=9) 496 (±631) 89735 (±224472) 
[223] [79363] 
Female (N=1) 256 - 7330 - 
Table E.217 Calculated values of AB and AB 2; Gender variation 
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Appendix E - Shear Test Data 
Orientation 	Region 	 Gender 	A 	(±SD) B 	(±SD) 
[SEM] [SEM] 
Axial Arthritic 	Central 	 Male (N=6) 	39.90 	(±11.90) 90.00 	(±94.40) 
[4.50] [36.00] 
Female (N3) 	43.99 	(±4.90) 50.70 	(±40.00) 
F2.801 F23.001 
Table E.218 Regression model parameters A and B; Gender variation within regions 
Orientation 	Region 	 Gender 	AS 	(±SD) AB' 	(±SD) 
[SEM] JSEM] 
Axial Arthritic 	Central 	 Male (N=6) 	2737 	(±2217) 412276 	(±615520) 
[838] [232645] 
Female (N=3) 	2190 	(±1606) 153616 	(±198318) 
19271 11144991 
Table E.219 Calculated values of AB and AB 2 ; Gender variation within regions 
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Appendix E - Shear Test Data 
Material Properties 
Gender Ultimate Stress (±SD) Ultimate Strain (±SD) 
(MPa) [SEMI [SEMI 
Axial Injury Male (N=8) 35.16 (±4.26) 0.1258 (±0.0269) 
[1.51] [0.0095] 
Female (N0) - - - - 
Axial Arthritic Male (N=15) 36.40 (±12.00) 0.0879 (±0.0350) 
[3.10] [0.0090] 
Female (N=4) 44.82 (±5.50) 0.1204 (±0.0130) 
[2.60] [0.0065] 
Circ. Injury Male (N=2) 19.27 (±0.52) 0.1193 (±0.0075) 
[0.36] [0.0053] 
Female (N=0) - - - - 
Circ. Arthritic Male (N=10) 13.44 (±2.27) 0.9356 (±0.0196) 
[0.72] [0.0062] 
Female (N=2) 13.28 (±4.34) 0.0624 (±0.0226) 
[3.07] [0.0160] 
Radial Injury Male (N=6) 6.50 (±3.13) 0.1173 (±0.0385) 
[1.28] [0.0157] 
Female (N=0) - - - - 
Radial Arthritic Male (N=9) 7.33 (±4.34) 0.0645 (±0.0273) 
[1.45] [0.0091] 
Female (N=1) 8.69 - 0.0961 - 
Table E.220 Ultimate shear stress and ultimate shear strain; Gender variations. 
Gender Tangent (±SD) Yield (±SD) Yield (±SD) 
Modulus [SEMI Stress [SEMI Strain [SEMI 
(MPa) 
Axial Injury Male (N=8) 959 (±383) 21.26 (±6.31) 0.0252 (±0.0040) 
[135] [2.23] [0.0014] 
Female (N0) - - - - - - 
Axial Arthritic Male (N15) 1412 (±864) 21.02 (±8.76) 0.0211 (±0.0120) 
[223] [2.30] [0.0031] 
Female (N=4) 1660 (±758) 27.00 (±14.80) 0.0198 (±0.0132) 
[379] [7.40] [0.0066] 
Circ. Injury Male (N=2) 511 (±209) 11.06 (±1.21) 0.0251 (±0.0071) 
[148] [0.86] [0.0050] 
Female (N0) - - - - - - 
Circ. Arthritic Male (N=9) 436 (±242) 6.45 (±2.19) 0.0207 (±0.0116) 
[76] [0.73] [0.0039] 
Female (N=1) 248 - 2.55 - 0.0160 - 
Radial Injury Male (N=6) 103 (±73) 3.11 (±2.49) 0.0392 (±0.0229) 
[33] [1.11] [0.0102] 
Female (N=0) - - - - - - 
Radial Arthritic Male (N=9) 321 (±404) 5.02 (±3.10) 0.0293 (±0.0190) 
[135] [1.09] [0.0067] 
Female (N1) 233 - 3.36 - 0.0164 - 
Table E.221 Tangent modulus, offset yield stress and offset yield strain; Gender variation. 
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Appendix E - Shear Test Data 
Orientation 	Region 	 Gender 	Ultimate Stress (±SO) 	Ultimate Strain (±SD) 
(MPa) [SEM] []_ 
Axial 	Central 	Male (N=6) 	 38.30 (±10.70) 	 0.0836 (±0.0472) 
Arthritic [4.00] [0.01 80] 
Female (N=3) 	 44.48 (±6.40) 	 0.1235 (±0.0140) 
[3.70] [0.0081) 
Table E.222 Ultimate shear stress and ultimate shear strain; Gender variation within regions. 
Orientation 	Region Gender 	Tangent (±SD) Yield (±SD) Yield (±SD) 
Modulus [SEM] Stress [SEM] Strain [SEM] 
(MPa) 
Axial 	Central Male (N=6) 	1696 (±1068) 23.72 (±8.06) 0.0205 (±0.0091) 
Arthritic [404] [3.00] [0.0035] 
Female (N=3) 	1321 (±414) 26.00 (±18.00) 0.0220 (±0.0152) 
[239] (10.00] [0.0088] 
Table E.223 Tangent modulus (MPa), offset yield stress and offset yield strain; Gender variation 
within regions. 
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E.4Age 
Regression Model Parameters 
Axial 
Linear regression - All Axial 
Equation p Trend with Inc. age 
A 35.2 + 0.0421 Age 0.589 + 
B 20.9 + 0.633 Age 0.161 + 
AB 9.94+16.9Age 0.166 + 
AB2 -49632+4014 Age 0.152 + 
r 0.990+0.0000l8Age 0.749 + 
S 2.08 - 0.00221 Age 0.773 - 
Table E.224 Regression model parameters; linear regression of all axial meniscal samples with 
age. 
Linear regression - Axial Injury 
Equation p Trend with inc. age 
A 	 27+0.297Age 0.190 + 
B 	 38.0 + 0.26 Age 0.899 + 
AB 	 977+23.1 Age 0.752 
AB2 	 76802+537 Age 0.946 + 
r 	 1 -0.00055 Age 0.177 - 
S 	 0.02 + 0.0789 Age 0.141 + 
Table E.225 Regression model parameters; linear regression of axial injury meniscal samples 
with age. 
Linear regression - Axial Arthritic 
Equation p 	 Trend with inc. age 
A 88.4 - 0.665 Age 0.030 	 - 
B -185+3.37 Age 0.066 	 + 
AB -2381 +61.7Age 0.210 	 + 
AB  -1147251 + 18602 Age 0.112 	 + 
r 0.988 + 0.000049 Age 0.821 	 + 
S 5.11 -0.0428 Age 0.147 	 - 
Table E.226 Regression model parameters; linear regression of arthritic axial meniscal samples 
with age. 
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Circumferential 
Linear regression - All Circumferential 
Equation p 	 Trend with inc. age 
A 23.4-0.110 Age 0.106 	 - 
B 28.8 + 0.109 Age 0.700 	 + 
AB 716-3.00Age 0.361 	 - 
AB2 27384 - 83 Age 0.745 	 - 
r 0.992 - 0.000025 Age 0.849 	 - 
S 1.07- 0.00571 Age 0.325 	 - 
Table E.227 Regression model parameters; linear regression of all circumferential meniscal 
samples with age. 
Linear regression - Circumferential Injury 
	
Equation 	p 	 Trend with inc. age 
A 	 - - - 
B 	 - 	- 	 - 
AB 	 - 	- 	 - 
AB 	 - 	- 	 - 
r 	 - 	- 	 - 
S 	 - 	- 	 - 
Table E.228 Regression model parameters; linear regression of injury circumferential meniscal 
samples with age. 
Linear regression - Circumferential Arthritic 
Equation p 	 Trend with inc. age 
A 64.5 - 0.647 Age 0.009 	 - 
B -147 + 2.41 Age 0.016 	 + 
AB -1230 + 22.5 Age 0.027 	 + 
AB2 -109783+l7l6Age 0.047 	 + 
r 1.05 - 0.000785 Age 0.119 	 - 
S -1.55+0.0287 Age 0.142 	 + 
Table E.229 Regression model parameters; linear regression of arthritic circumferential 
meniscal samples with age. 
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Radial 
Linear regression - All Radial 
Equation p Trend with inc. age 
A 	 7.31 + 0.0534 Age 0.502 + 
B 	 -5.7 + 0.895 Age 0.223 + 
AB 	 2 + 5.63 Age 0.205 + 
AB2 	 -29791 + 1339 Age 0.383 + 
r 	 0.994 - 0.000039 Age 0.647 - 
S 	 0.285 + 0.0159 Age 0.624 + 
Table E.230 Regression model parameters; linear regression of all radial meniscal samples with 
age. 
Linear regression - Radial Injury 
Equation p 	 Trend with inc. age 
A 21.50 - 0.551 Age 0.007 	 - 
B 18.7-0.116Age 0.818 	 - 
AB 412-11.7Age 0.058 	 - 
AB2 9140-281 Age 0.177 	 - 
r 0.988 + 0.0001 94 Age 0.385 	 + 
S 0.828 - 0.0214 Age 0.008 	 - 
Table E.231 Regression model parameters; linear regression of injury radial meniscal samples 
with age. 
Linear regression - Radial Arthritic 
Equation p Trend with inc. age 
A 	 -60 + 0.88 Age 0.658 + 
B 	 -261 + 7.6 Age 0.658 + 
AB 	 -4133+56Age 0.617 + 
A& 	 -877615 + 11622 Age 0.771 + 
r 	 1.06 - 0.00862 Age 0.693 - 
S 	 -2.86 + 0.0398 Age 0.625 + 
Table E.232 Regression model parameters; linear regression of arthritic radial meniscal 
samples with age. 
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Material Properties 
UATO 
Linear regression - All Axial 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 36.6 + 0.0114 Age 0.890 	 + 
Ultimate Shear Strain 0.15 - 0.000776 Age 0.004 	 - 
Tangent Modulus 552 + 12.8 Age 0.033 	 + 
rA2 0.849 + 0.000832 Age 0.266 	 + 
Offset Yield Stress 22.2 - 0.0031 Age 0.967 	 - 
Offset Yield Strain 0.0304 - 0.00014 Age 0.096 	 - 
Table E.233 Material properties; linear regression of all axial samples with age 
Linear regression - Axial Injury 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 24 + 0.455 Age 0.126 	 + 
Ultimate Shear Strain 0.115 + 0.00042 Age 0.839 	 + 
Tangent Modulus 586 + 15.2 Age 0.602 	 + 
r A  2 0.933 - 0.00505 Age 0.404 	 - 
Offset Yield Stress 13.4 + 0.819 Age 0.505 	 + 
Offset Yield Strain 0.0279 - 0.0001 08 Age 0.727 	 - 
Table E.234 Material properties; linear regression of injury axial samples with age. 
Linear regression - Axial Arthritic 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 86.9 - 0.658 Age 0.044 	 - 
Ultimate Shear Strain 0.299 - 0.00276 Age 0.002 	 - 
Tangent Modulus -1764 + 43.6 Age 0.070 	 + 
r A  2 0.756 + 0.00209 Age 0.409 	 + 
Offset Yield Stress 47.5 - 0.341 Age 0.261 	 - 
Offset Yield Strain 0.0756 - 0.00074 Age 0.029 	 - 
Table E.235 Material properties; linear regression of arthritic axial samples with age 
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Circumferential 
Linear regression - All Circumferential 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 21.1 -0.102 Age 0.008 	 - 
Ultimate Shear Strain 0.122 - 0.000433 Age 0.186 	 - 
Tangent Modulus 445 - 0.38 Age 0.906 	 - 
rA2 0.863+0.00lO5Age 0.448 	 + 
Offset Yield Stress 12.6 - 0.0851 Age 0.028 	 - 
Offset Yield Strain 0.0280 - 0.000104 Age 0.495 	 - 
Table E.236 Material properties; linear regression of all circumferential samples with age. 
Linear regression - Circumferential Injury 
	
Equation 	p 	Trend with inc. age 
Ultimate Shear Stress 	 - 	- - 
Ultimate Shear Strain 	 - 	- 	 - 
Tangent Modulus 	 - 	- 	 - 
rA2 	 - - - 
Offset Yield Stress 	 - 	- 	 - 
Offset Yield Strain 	 - 	- 	 - 
Table E.237 Material properties; linear regression of injury circumferential samples with age. 
Linear regression - Circumferential Arthritic 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 16.3- 0.038 Age 0.724 	 - 
Ultimate Shear Strain 0.0396 + 0.000648 Age 0.508 	 + 
Tangent Modulus -741 + 15.2 Age 0.111 	 + 
rA2 1. 15 - 0.00279 Age 0.465 	 - 
Offset Yield Stress 2.9 + 0.041 Age 0.773 	 + 
Offset Yield Strain 0.0552 - 0.000461 Age 0.479 	 - 
Table E.238 Material properties; linear regression of arthritic circumferential samples with age 
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Radial 
Linear regression - All Radial 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 6.49 + 0.0102 Age 0.765 	 + 
Ultimate Shear Strain 0.133 - 0.000766 Age 0.021 	 - 
Tangent Modulus 25 + 3.45 Age 0.268 	 + 
rA2 0.987 - 0.001 Age 0.275 	 - 
Offset Yield Stress 2.66 + 0.0253 Age 0.365 	 + 
Offset Yield Strain 0.0417 - 0.000159 Age 0.423 	 - 
Table E.239 Material properties; linear regression of all radial samples with age 
Linear regression - Radial Injury 
Equation p 	Trend with inc. age 
Ultimate Shear Stress 17.1 - 0.442 Age 0.012 	 - 
Ultimate Shear Strain -0.0001 + 0.00489 Age 0.048 	 + 
Tangent Modulus 313 - 8.66 Age 0.067 	 - 
rA2 1.08-0.005l3Age 0.099 	 - 
Offset Yield Stress 9.67-0.271 Age 0.119 	 - 
Offset Yield Strain 0.0001 + 0.00162 Age 0.385 	 + 
Table E.240 Material properties; linear regression of injury radial samples with age. 
Linear regression - Radial Arthritic 
Equation p Trend with inc. age 
Ultimate Shear Stress 23.8 + 0.379 Age 0.618 + 
Ultimate Shear Strain 0.406 - 0.0041 Age 0.415 - 
Tangent Modulus -2474 + 33.8 Age 0.632 + 
r A  2 2.13-0.Ol48Age 0.466 - 
Offset Yield Stress -31.0 + 0.435 Age 0.425 + 
Offset Yield Strain -.0.27 + 0.00066 Age 0.849 + 
Table E.241 Material properties; linear regression of arthritic radial samples with age 
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Poster Presentations 
Behaviour of the human knee joint under compression. Poster 000976. 
RS Moran, DL Gardner, iF Keating and JA McGeough. 
EULAR 99: XIV1h  Congress of the European League against Rheumatism; 6-I 1th  June 
1999. 
Mechanical properties and behavioural characteristics of the knee joint meniscus under 
shear loading. Poster 000359. 
RS Moran, DL Gardner, iF Keating and JA McGeough. 
British Society of Rheumatology XVIII t1' AGM; 2427th April 2001. 
Rheumatology, 40 (SI), pp.  126. 
Journal Paper 
Anisotropic response of the human knee joint meniscus to unconfined compression. 
BW Leslie, DL Gardner, JA McGeough and RS Moran. 
Proceedings of the Institution of Mechanical Engineers; Engineering in Medicine Part I-I; 
2000, Vol. 214 (1-116), pp.  631-636. 
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Anisotropic response of the human knee joint meniscus 
to unconfined compression 
B W Leslie', D L Gardner', J A McGeoughl*  and R S Moran' 
'School of Mechanical Engineering, University of Edinburgh, Scotland, UK 
'Department of Pathology, University Medical School, Edinburgh, Scotland, UK 
Abstract: The response of meniscal tissue to axial, radial and circumferential compressive forces 
was measured at physiologically relevant levels of load in eight pairs of human knee joint menisci. 
Compression was unconfined and uniaxial. Stress—strain data were fitted to a two-parameter 
exponential model. The tissue was found to be significantly stiffer to axial compressive forces than 
to radial and circumferential forces. No significant difference was found between the responses to 
circumferential and radial forces. 
Keywords: meniscus, human knee joint, compressive testing, mechanical properties 
NOTATION 
A axial 
A, B empirically derived model constants 
C circumferential 







The knee joint menisci are semicircular, fibrocartilagin-
ous structures interposed between the femoral and tibial 
condyles in both the lateral and medial compartments 
of the normal knee joint (Fig. la). They serve to reduce 
the physical incongruity between the rounded shape of 
the femoral condyles and the nearly flat tibial plateaux, 
providing stable surfaces for the femur and assisting in 
load bearing, knee stability, knee rotation and shock 
absorption. Menisci are particularly prone to mechanical 
injury and tearing. Removal of a damaged meniscus is 
believed to predispose the knee to osteoarthritis. 
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Meniscal tissue is biphasic, composed of a solid and 
a fluid component with water as the main constituent, 
contributing 70-75 per cent of the total wet weight [1-4]. 
Collagen constitutes 60-70 per cent of the solid 
phase, the remaining part being proteoglycan, cells and 
non-collagenous proteins. The collagen is arranged as 
fibre bundles oriented predominantly in the circumfer-
ential direction. Smaller proportions of radially oriented 
fibres are interwoven between the circumferential fibres 
[5-7]. 
Load-bearing studies have shown that menisci are 
subjected to 50-70 per cent of the load on the knee 
joint [8-11]. Microanalysis of meniscal tissue has 
established its structural anisotropy. Mechanical test-
ing has revealed that it has greatest tensile strength 
and stiffness when the axis of loading is parallel to the 
circumferential fibre bundles [4, 6, 12, 13]. The cir-
cumferential fibres resist excessive outward displace-
ment of the menisci during physiological loading of 
the knee. Hoop stresses are generated in a meniscus 
when it is compressed between the opposing condyles 
of the knee. While the circumferential fibre bundles 
clearly resist loading through tension, the compressive 
stiffness of meniscal tissue is derived from its high 
water content retained within expanded proteoglycan 
domains and supported by collagen [14]. 
Although the tensile behaviour of meniscal tissue 
has been studied extensively, the compressive proper-
ties and their relationship to meniscal structure have 
received little attention. This paper describes the 
results of the response of meniscal tissue to compress-
ive forces applied in circumferential, radial and axial 
directions. 
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Fig. I (a) Diagram of the tibial plateau identifying menisci location. (b) Top view of menisci identifying the 
regions used in these experiments 
2 MATERIALS AND METHODS 
Eight pairs of menisci were removed post-mortem from 
the right knee joints of patients selected at random. The 
sample consisted of five females and three males; none 
was known to have suffered from disorders affecting the 
osteoarticular tissues. The age range was 52-89 years, 
with a mean of 71 years. Excised menisci were held in 
large volumes of 4 per cent buffered formaldehyde, and 
thereafter tested at convenient periods. Clinical data on 
the patients from whom the menisci were removed are 
summarized in Table 1. 
2.11 Tissue preparation 
Blocks of tissue were removed from the mid-anterior 
(MA) and mid-posterior (MP) regions of each meniscus 
(Fig. lb). Three sections were cut in orthogonal planes 
from each block and further trimmed to give rectangular 
cross-sections. Non-parallel samples would have resulted 
in erroneous estimates of stress—strain at low strains. 
Great care was taken to ensure parallel cuts of 1 mm 
thickness, made possible by the manufacture of a 
specially designed cutting device in which two parallel 
microtome blades were held 1 mm apart (Fig. 2). These 
procedures ensured that no circumferential and radial 
curling occurred. Sample dimensions were measured on 
a Leitz Wetzlar type 60-366 microscope (x 10/0.18) 
incorporating a micrometer graticule and moving stage. 
Samples ranged in thickness from 0.89 to 2.69 mm, the 
surface area from 20.68 to 84.48 mm 2 . A standard 
sample size was impracticable: the tissue was prestressed 
in its natural state so that the sample dimensions could 
not be defined accurately before cutting. In addition, the 
intrinsic variation in the size of the menisci precluded a 
definition of sample dimensions until all the samples had 
become available; adoption of the latter procedure 
would have increased undesirably the time required for 
the experimental measurements. 
Prior to testing, each sample was removed from the 
formaldehyde, rinsed and immersed in 0.15 M saline for 
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Table 1 Clinical data for test samples 
Sample Gender 
Age 
(years) Meniscus Regions Orientations 
Male 63 Lateral and medial MA and MP . R and C 
2 Female 52 Lateral and medial MA and MP AK <d C 
3 Male 57 Lateral and medial MA and MP A, R ano 
4 Female 86 Lateral and medial MA and MP A, R and C 
5 Female 76 Lateral and medial MA and MP A, R and C 
6 Female 76 Lateral and medial MA and MP A, R and C 
7 Male 73 Lateral and medial MA and MP A, R and C 





Fig. 2 Orientation of the three sections taken from a meniscal block. Compressive force was applied to the 
labelled surface of each section and corresponded to circumferential (C), radial (R) and axial (A) 
forces 
24 h in a 4°C refrigerator. Samples were removed from 
the refrigerator 1 It before testing to allow equilibration 
with ambient temperatures. 
2.2 Test procedure 
All samples were tested in a J. J. Lloyd MK30 materials 
testing apparatus linked to a PC installed with J. J. Lloyd 
instrument data analysis package, Dapmat Version 1.4 
software. The program allowed load/deformation data 
to be recorded continuously. Indentation by a device 
that might have localized the area of stress applied in 
directions other than those to be measured was avoided. 
Samples were compressed between two stainless steel 
platens. To ensure physiologically relevant loading, a 
force of 0-1500 N was applied at a strain rate of 
0.5 mm/mm. This low strain rate minimized the frictional 
drag of interstitial fluid forced out of the tissue during 
compression. All samples were tested in unconfined com-
pression so that interstitial fluid flowed freely, allowing 
lateral strain of the samples. 
Load/deformation data were sampled at 1 s intervals, 
recorded, and after testing converted to stress-strain 
data. Differing maximum stress levels were obtained for 
each sample as a consequence of the variation in speci-
men size. The same range of force (0-1500N) was 
applied to each sample. Since the samples were of differ -
ent dimensions, however, the maximum stress value at  
the maximum load of 1500 N was different in each case. 
To allow a true comparison the maximum stress 
(18 MPa) on the smallest sample was imposed as an 
upper limit. Stress values greater than 18 MPa were 
omitted from the data from the other samples. All curves 
were thus normalized to one standard. Non-linear 
regression was used to fit a two-parameter, exponential 
model to each curve. Fung's exponential stress-strain 
model, was used: 
or= A( e&_l) 	 (1) 
where ci, e, A and B denote respectively stress, strain and 
empirically derived constants. 
The model has been used to describe other soft 
biological tissues including articular cartilage [15-17]. 
Young's modulus, E, derived from equation (1) varies 




—=ABe' 	 (2) 
dE 
2.3 Statistical analysis 
Parameter values were subjected to a three-factor analy -
sis of variance in order to detect significant differences 
and/or interactions between lateral and medial menisci, 
regions MA and MP, and orientations C, R and A. 
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